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ARTICLE INFO ABSTRACT

Keywords:

Novel core-shell carbon coated-magnetic (Fe304@C,) nanoparticles supported MnO2 nanosheets (with a- and

MnO, f-type structure) (Fe304@Cy/MnO>) are synthesized through a self-sacrificing templet method. The new hybrid

Magnetic nanoparticles
Alcohol oxidation
Nanostructured catalyst

material was fully characterized with Fourier transformed infrared spectroscopy, energy-dispersive X-ray spec-
troscopy, scanning electron microscopy, X-ray diffraction analysis (XRD), Ny adsorption/desorption analysis, and
transmission electron microscopy; XRD and SEM results affirmed that a- and p-MnOy nanosheets polymorphs

onto the Fe304@Cg. The catalytic activity of the as-prepared nanostructured catalyst Fe304@Cg/MnO> has been
evaluated in O, activation for the selective oxidation of benzyl alcohol to benzaldehyde with high conversion; it
stability being confirmed by the recycling of the nanostructured catalyst with no obvious loss even after six

repeated runs.

1. Introduction

Nowadays, intensive efforts have been made to meet the ever-
growing demands for the development of greener catalytic protocols
with high-efficiency and high-selectivity [1,2]. Presently, the prepara-
tion of aldehydes by selective alcohol oxidation is a pivotal chemical
transformation for the synthesis of a variety of vital intermediates for the
fine chemicals [3]. Traditionally, the alcohol oxidation procedures are
performed with stoichiometric amounts of high-cost inorganic oxidants
which leads to the formation of environmentally harmful by-products
[4]. Hence, the development of green, efficient and economic hetero-
geneous catalytic aerobic oxidation systems exploiting the low-cost Oy
or air as a terminal oxidant would be ideally suited for such significant
chemical transformations [5-7].

* Corresponding author.

In recent years, heterogeneous catalytic system for the oxidation of
benzyl alcohol (BzOH) over both, the noble and non-noble transition
metal oxides have been studied extensively; deployment of non-noble
metal oxides has remarkable advantageous over noble metals due to
their inexpensive nature and high availability [8]. Among the various
non-noble transition metal oxides, manganese oxides have attracted
increasing attention due to the earth-abundant sources, high catalytic
activity, rich structures and morphologies, low-cost and environmental
friendliness, therefore, they have been widely applied in the fields of
lithium batteries, oxidants, and in catalysis arena [9-12].

Manganese oxide exits in various crystal structure forms such as o,
and A - types which differ in the arrangement of the basic octahedral
[MnOg] unit [13]. Recently, much attention has been directed toward
the synthesis of polymorphs of MnO, with different morphology owing
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Fig. 1. Schematic preparation of MnO, on CHC substrate by hydrothermal method.

to the varied applications of polymorphism in the chemical industry [9,
14-17]. Among MnOs, phases, a- and p-MnO, are less active catalytically
in comparison to y-phase which lead to the formation of desirable
oxidation products [18]; MnO, has been reported as a selective
oxidizing catalyst in the aerobic oxidation of BzOH with high reactivity
and selectivity [19-24].

Overall, the nanoparticles (NPs) exhibit excellent catalytic perfor-
mances due to the size effect and their large surface area. However, the
use of NPs as a catalyst is associated with some limitations as it suffers
from aggregations and low stability [18,25]. The aforementioned chal-
lenges for NPs need viable solutions and not surprisingly, researchers
have suggested that immobilizing active species onto an ideal support
could solve the lingering problem [22,26-28]. Recently, Hu et al. re-
ported the synthesis of ultrafine MnO; NPs supported on graphene
oxide, which was applied as a catalyst in selective aerobic oxidation of
BzOH [8]. Wu and co-workers utilized the supported manganese oxide
on MCM-41 zeolite as a catalyst to oxidize BzOH [29]. Another study
was reported by Kadam et al., where A -MnO,/GO composite was
employed for the oxidation of BzOH [18].

Core-shell magnetic NPs have garnered considerable attention lately
due to their multi-functional properties such as large accessible surface
area, biocompatibility, low toxicity, easy surface decoration, high sta-
bility and easy separation which render them as ideal materials for
catalytic applications [30,31].

Therefore, in continuation of our research interest in exploring effi-
cient catalysts [32-35], the preparation of core-shell carbon-coated
magnetic NPs via a facile hydrothermal method is described that could
be utilized as a support for the immobilization of a- - and §-MnOy
(Fe304@Cg/MnQy). Subsequently, it was employed as a recyclable
catalyst for selective aerobic oxidation of BzOH into the corresponding
aldehyde. Furthermore, a controlled oxidation of alcohols was accom-
plished with no over-oxidation to carboxylic acid (ArCOOH) which can
be related to the presence of a- and $-MnO; polymorphs. The synthesis
of MnO; nanosheets have been generally performed using KMnO4 and
MnCly/MnS as a metal source [13,9]. It is worth mentioning that the
Fe304@Cg/MnO, was prepared by in-situ growing method via
self-sacrificing carbon shell layer as reducing agent with KMnOy4
providing a Mn-source [9,36]. Moreover, Fe3O4 NPs were simply pre-
pared using iron (III) chloride as the only ferric ion single resource
(Scheme 1).

The aerobic oxidation of BzOH and its derivatives by Fe304@Cg/
MnO; show that the corresponding aldehydes can be obtained in high
yield as the main products. The Fe304@Cg/MnO; catalyst could also be

reused for six runs without any significant loss of catalytic activity. The
advantage of this aerobic oxidation method includes the simple opera-
tion, easy catalyst separation and reusability, and high selectivity.

2. Experimental

2.1. Materials
All chemicals including iron (III) chloride hexahydrate
(FeCl3e6H20), potassium permanganate (KMnOy), poly(vinyl-

pyrrolidone) (PVP), ethylene glycol, benzyl alcohol, sodium acetate and
glucose were obtained from Merck and used without further purifica-
tion. All other chemicals were of analytical grade purity and used
without further purification.

2.2. Synthesis of carbon-coated Fe304 NPs (Fe304@Cg)

The Fe304 NPs were first synthesized via a modified hydrothermal
method. FeCls. 6H0 (1.5 g), polyvinyl pyrrolidine (PVP) (1 g) and so-
dium acetate (2 g) were dissolved in ethylene glycol (30 mL) and stirred
for 1 h. Then the mixture was transferred into a Teflon-lined stainless-
steel autoclave and heated at 200 °C for 10 h. After cooling to room
temperature, the Fe304 NPs were separated by using an external magnet,
washed with distilled water and ethanol several times and dried under
reduced pressure. In the next stage, the synthesis of magnetite-carbon
core-shell NPs was accomplished through sonicating the as-fabricated
Fe304 NPs with 5 g glucose in 30 mL deionized water. Next, the above
mixture was transferred into a Teflon-lined stainless-steel autoclave,
sealed and kept at a temperature of 200 °C for 12 h. After the reaction
system was cooled to ambient temperature, the ensuing black precipi-
tate was separated by a magnetic field, washed with distilled water and
methanol, and finally dried in a vacuum oven.

2.3. Synthesis of Fe304@Cy/MnO2

MnO; nanosheets supported onto the Fe304,@Cg NPs were assembled
by dispersing the Fe304@Cg (0.3 g) in 75 mL aqueous solution of KMnO4
(0.03 M) with ultrasonication for 1 h. Then, the resulting mixture was
transferred into a Teflon-lined stainless-steel autoclave and heated at
180 °C for 6 h. The obtained product was separated, and washed thor-
oughly with water and methanol before being dried in an oven,
providing the Fe304@Cg/MnO2 nanostructured catalyst.
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Fig. 2. (a) FTIR spectra of Fe304, Fe304,@Cg, and Fe304@C,/MnO,. (b) VSM magnetization curves of Fe30,4 and Fe304@Cg/MnOs. (c) XRD patterns of Fe30,@Cg and

Fe30,@Cy/MnOs.

2.4. A typical procedure for Os-activation for selective oxidation of BzOH
in the presence of Fe304@Cg/MnO2

BzOH (1 mmol) and Fe304@Cg/MnO3 (0.05 g) were dissolved in 10
mL of toluene under continuous purging of dry air. Then, the reaction
was stirred at 120 °C for 4 h. After completion of the reaction, the
catalyst was separated from the solution using an external magnet,
washed, and dried under reduced pressure. The conversion of the
products was calculated as follows:

Conversion (%) = <%> x 100

where, C, is the initial concentration of alcohols. Cy is the concentrations
of alcohols at a certain reaction time. The yields of products were
calculated via the normalization method based on the GC-MS analysis.
Turnover number (TON) represents the average number of substrate
molecules converted into the product per molecule of the catalyst
(Table 2).

3. Result and discussion

The preparation of Fe30,@Cy/MnO; is implemented via an effective
strategy as depicted in Fig. 1. The superparamagnetic Fe304@Cg was
first fabricated via a solvothermal route by applying ferric ion as a single
iron source. Then, polymorphous MnO5 nanosheets were grown in the
presence of Fe304@Cg through self-sacrificing redox reaction between
carbon shell layer and KMnOg4 [37]. The oxidation/reduction reaction is
described in the equation shown in Fig. 1.

Fig. 2a shows the Fourier transform infrared (FTIR) spectrums of
Fe304, Fe304,@Cg, and Fe304@Cy/MnO». The sharp intense band at 570
em ™! is assigned to the vibration of the Fe-O group which confirms the
presence of the Fe304. The broad peaks at 3420 cm ™! can be assigned to
O-H stretching vibration arising from hydroxyl groups [38]. The band

observed at 1024 cm ™! can be attributed to the C—O stretching vibra-
tion. Peaks at 1646 and 1679 cm ™! frequencies represent the stretching
vibration of C = C and COOH groups, respectively [39]. In addition, the
peak signals at 2850 and 2921 cm ™! correspond to the asymmetric and
symmetric C—H vibration. These numerous absorption bands indicate
the amount of various carbon and oxygen-containing functional groups
on the surface of the Fe30,@Cy have been obtained from the glucose
during the hydrothermal synthesis [40]. Moreover, for the
Fe304@Cg/MnOo, the peaks at 765, 621 and 530 em ! are associated to
the Mn-O stretching vibration which affirms the presence of poly-
morphous MnOj,

The superparamagnetic behavior of magnetic NPs is favourable for
the magnetic separation. Hence, the magnetic properties of Fe304 and
Fe304@Cg/MnO, were investigated using a vibrating sample magne-
tometer (VSM) at room temperature; the hysteresis curves in Fig. 2b
shows the saturation magnetization of Fe3O4 NPs to be ~64 emu/g,
while Fe304@Cg/MnO; has a magnetization of ~18 emu/g. The
decreased saturation magnetization value of Fe304@Cg/MnOy is
attributed to the surface modification of the NPs. Nonetheless, it is still
good enough for facilitating the magnetic separation of particles.

To confirm the polymorphous phases of the as-obtained Fe304@Cg/
MnO,, X-ray diffraction analysis (XRD) analysis was performed (Fig. 2c)
which shows a series of characteristic peaks at 30.3, 35.4, 43.6, 53.4,
57.3, and 63.2° (26) which are in good consistent with the cubic spinel
phase of Fe3O4 (JCPDS card No. 19-0629). Moreover, arising broad peak
(19.5°) beside the iron oxide peak can be ascribed to the specific
reflection of amorphous carbons [41]. In Fe304@Cg/MnOj, by
comparing to the XRD patterns of the standard a- and -MnO (JCPDS
card No. 44-0141 and No. 24-0735) samples, it can be realized that the
hydrothermally in-situ growing manganese oxide were polymorphs of
MnO; with a, f and 8 phase structures. In addition, on the basis of these
results, it is revealed that the core-shell carbon-coated Fe3O4 NPs has not
changed during growth process of MnO3 nanosheets.
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Fig. 3. SEM images of (a,b) Fe30,@C,, (c,d) Fe30,@Cg/MnO,, and (e,f)
Fe304@Cg and MnO».
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The morphology and nanostructure of Fe304@Cy; NPs and
Fe304,@Cg/MnO; were studied by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) analysis. The SEM images
displays that the Fe304@Cg NPs, prepared via solvothermal method,
have spherical structure and uniform sizes with the diameter of
200-220 nm (Fig. 3a,b). Fig. 3c-f reveal that the polymorphous MnO,
may be formed by several MnO, nanosheets overlapping together on the
surfaces of Fe304@Csq.

As is clear from the TEM image with higher magnification (Fig. 4a-e),
the Fe304@Cg NPs have a core-shell structure comprising aggregated
Fe304 (dark core) encapsulated with amorphous carbon shell of 21.69
nm of thickness (light area) which is less dense than the core structure.
The results from the TEM image of Fe30;@Cg/MnO; (Fig. 4d,e)
confirmed that MnO3 nanosheets are located on the surface of spherical
Fe304@Cg NPs.

The energy-dispersive X-ray spectroscopy (EDX) shows the presence
of the expected elements in the structure of the catalyst, comprising
oxygen, carbon, iron and manganese in the Fe304@Cy/MnO> (Fig. 5a).
The investigation of the specific surface area for Fe304@C; was per-
formed using BET measurement as presented in Fig. 5b. It can be seen
that carbon-coated Fes04 NPs have the BET surface area of 12 mz/g.

The catalytic performance of Fe304@Cy/MnO, was evaluated in the
selective oxidation of BzOH to benzaldehyde (BzCHO) with O, as an
oxidant for 4 h in various solvents, under different reaction temperature
and the amounts of the nanostructured catalyst; obtained results are
summarized in Table 1. As seen in Table 1, the conversion of BzOH to

Fig. 4. High magnification TEM images of (a) Fe30,, (b,c) Fe304@C,, and (d,e) Fe30,@Cgy/MnOs.
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Fig. 5. (a) EDX spectra of Fe304@C,/MnO; and Fe304,@C;. (b) N, Adsorption—desorption isotherms of Fe304@Cg/MnO, and Fe30,@C;.
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Table 1
BzOH oxidation by Fe304@C,/MnO, under various reaction conditions®.
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‘ A OH Fe304@Cg/Mn02 CHO
_ + 1220 + H,0
X 2 PhMe, 110 °C | 2
4h
Entry Substrate Conv. " Yield P TON ¢ TOF ¢ (h)
(%) (%)
1 4-Br 88 86 -
2 4-CI 91 88 48 12
3 4-Me 90 90 -
4 3-NO, 78 74 -
5 2-Cl 81 76 -
6 4-MeO 94 92 -
7 3,4,5-MecO 95 92 -
8 H 96 92 53 13.25
9 2-Me 76 73 -
10 2-Cl 65 58 -
11 3-Cl 89 86 -
Entry Catalyst (mg) Solvent Temperature ( °C) Conversion/Yield” (%)
1 5 Toluene 110 40/38
2 10 Toluene 110 82/76
3 20 Toluene 110 96/92
4 30 Toluene 70 64/60
5 20 CH,Cl, 100 50/48
6 20 CHCl3 100 30/28
7 20 H,0 100 70/45
8 20 Toluene .t 10/-
9 20 Toluene 30 25/-
10 20 Toluene 50 60/54
11 20 Toluene? 110 -/trace
“Reaction conditions: BzOH (1 mmol), Fe30,4@Cg/MnOy, solvent (10 mL), 110 °C, 4 h.
>Based on GC-MS.
“Sealed tube.
dwithout BzOH for oxidation evaluation of toluene to BzCHO.
Table 2
Results of selective benzylic alcohols oxidation over Fe304@Cg/Mn03.
‘ X OH Fe;0,@Cg/MnO, ~-CHO
_ + 1220 H
2 : PhMe, 110 °C Q/ v B0
R Z
4h R
Entry Substrate Conv®. (%) Yield® (%) TON¢ TOF! (b 1)
1 4-Br 88 86 - -
2 4-Cl 91 88 48 12
3 4-Me 90 90 - -
4 3-NO, 78 74 - —
5 2-Cl 81 76 - -
6 4-MeO 94 92 - -
7 3,4,5-MeO 95 92 - -
8 H 96 92 53 13.25
9 2-Me 76 73 - _
10 2-Cl 65 58 - -
11 3-Cl 89 86 - _

“Reaction conditions: BzZOH (1 mmol), Fe304@Cg/MnO, (20 mg), Toluene (10 mL), 110 °C, 4 h with O balloon.

bBased on GC-MS.

“Turnover number represents the average number of substrate molecules converted into the product per molecule of catalyst.

9Turnover frequency per hour.

BzCHO was gradually enhanced with the increase of the amount of
catalyst (Table 1, entries 1-3). Indeed, 20 mg of Fe304@Cg/MnO2
showed the highest conversion (94%). In order to study the effect of the
solvents, the reaction was conducted in various solvents such as CH,Cl,
CHClj3, toluene and H5O under the same reaction conditions. Among the
applied solvents, the highest conversion was observed in toluene

(Table 1, entry 8). The influence of reaction temperature was studied for
the optimized catalyst system. As indicated in Table 1, at a lower tem-
perature (<50 °C) conversion were rather low (< 60%), whereas at the
elevated temperature of 120 °C, the BzOH conversion was markedly
increased (up to 96%); hence it was found that the high temperature was
favourable for the oxidation of BzOH. Furthermore, the corresponding
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of BzOH to BzCHO in toluene under oxygen atmosphere at 110 °C for 4 h.
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Scheme 1. Procedure for the synthesis of Fe30,@Cg/MnO,.

aldehyde could be obtained as the only desirable product with yield of
21%, 15% and 12% by using MnOa, Fe304, and Fe304@Cg as a catalyst
under the same reaction conditions, respectively. When we did not
charge the reaction mixture with BzOH to check oxidation of toluene, no
formation of formation of BZOH or BzCHO could be detected (Table 1,
entry 11).

To demonstrate the applicability of the as-fabricated nanostructured
catalyst, the optimized reaction conditions (20 mg of Fe304@Cg/MnOo,
Toluene, 110 °C) were chosen for a further study of the catalyst in the
oxidation of various benzylic alcohols with different electron-
withdrawing and electron-donating substituents (Table 2). The results
revealed that electronic properties of substitutes on benzyl group have
an impact on the oxidation reaction. In presence of electron-donating
groups (Table 2, entries 3,6,7), the corresponding BzCHO products
were obtained in higher conversions than the electron-withdrawing
groups (Table 2, entries 1,2,4) over 4 h. The effect of the position
(meta, ortho and para) of electron-withdrawing substituents on this
reaction was also assessed; higher conversion was obtained for meta-
position because of the apparent steric hindrance and electronic na-
ture of ortho and para position, respectively (Table 2, entries 3-5). It
should be noted that this method is highly selective for the oxidation of

benzyl alcohols to the corresponding aldehydes, without any detectable
over-oxidation to their carboxylic acids.

In the hot filtration leaching test, the Fe304@Cg/MnO2 nano-
structured catalyst was removed in the middle of the reaction (2 h) and
the reaction was continued with the reaction mixture without the
nanostructured catalyst. It was observed that there is no enhancement in
the conversion to aldehyde yield, thus indicating that no active species
were leached during the reaction mixture (Fig. 6a). The recovery and
reusability experiments for the selective oxidation of BzOH was also
performed by six successive cycles under the optimum conditions to
evaluate the stability of the Fe304@Cg/MnO; nanostructured catalyst
(Fig. 6¢). After the completion of the reaction, the nanostructured
catalyst was separated using an external magnet, washed thoroughly
with methanol, and then dried for the next run. Then, the remaining
magnetic nanostructured catalyst was also deployed under the same
experimental reaction conditions. It is worth pointing out that the
Fe304@Cg/MnO3 could be reused at least six times without appreciable
reduction in conversions of BZOH to BzCHO. As depicted in Fig. 6b, the
XRD pattern of the recovered Fe304@Cy/MnO; catalyst ascertained that
no change in the phase composition occurred compared to fresh nano-
structured catalyst. These findings confirm that the structure of the
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Table 3
Catalytic activity of various Mn-based catalysts for the oxidation of BzOH.
Entry  Catalyst Conditions Temperature Time Yield
(@] (h) (%)
[Refs.]

1 Ni,Mn-LDH BzOH1 mmol, 120 1.7 99 [24]
(0.2 mg) 05 (1 atm)

2 Ce/MnOy BzOH 10 mM, 70 2 81 [42]
(450 mg) 0O, flow (60 mL/

min)

3 MnO, BzOH 100 mM, 110 2 83 [8]
NPs@GO air flow (200
(200 mg) mL/min)

4 Au/MnO, BzOH2 g, 0,1 120 2 6 [43]
(20 mg) bar

5 Co304/ BzOH 100 Mm, 100 12 92 [44]
MnO2 0O, flow (20 mL/
(25 mg) min)

6 Pd@MnsOg BzOH 100 mM, 80 4 89 [19]
(80 mg) TBHP

7 MnO,—Co BzOH Toluene 110 4 89 [20]
(67 mg/ 0, aerobic
mmol)

8 Fe304@Cy/ BzOH 1 mmol, 110 4 92 [This
MnO, Toluene, O, work]
(20 mg) aerobic

c
(]
2
Q
—
o
2]
°
<

Scheme 2. Proposed mechanism for the oxidation of BzOH by Fe304,@Cg/
MnO;, catalyst.

Fe304@Cg/MnO; has excellent stability under the reaction conditions
which are of great significance for practical applications.

Table 3 summarizes the catalytic activity studies of several previ-
ously published Mn-base catalysts. The Fe304@Cy/MnO; catalyst
exhibited high catalytic activity with good yield in comparison with
those selective stipulated studies.

A plausible mechanism for the selective oxidation of BzOH to the
corresponding BzCHO by Fe304@Cg/MnO3 is outlined in Scheme 2. The
process involves free radical mechanism as reported by Goldman [45].
In the first step, the O—H group of the BzOH is added to MnOs species to
generate a coordination complex. Subsequently, the hydrogen atom
transfers from benzylic carbon to oxygen of MnOs to produce a stable
radical. Finally, by the reduction of the Mn (III) to the more stable Mn
(ID), the aldehyde product is formed.

4. Conclusions

In the present study, a novel methodology was designed via self-

Molecular Catalysis 509 (2021) 111603

sacrificing template route for the growth of polymorphous a- and
B-MnO, nanosheets onto the core-shell carbon-coated Fe3sO4 NPs. The
ensuing catalyst was characterized by various technique including FTIR,
EDX, SEM, TEM, XRD, and BET. Then, the Fe304@Cg/MnO; was applied
as a highly active and efficient catalyst for the selective oxidation of
BzOH to BzCHO using oxygen as a green oxidant. The results showed
that the products were obtained in high conversion over 4 h. The newly
developed nanostructured catalyst could also be recycled and reused for
six runs without any significant loss of catalytic activity and stability.
The significant advantages of this method include the simplicity in
operation, simply work-up, excellent selectivity and the reusability.
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