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ABSTRACT: Herein, we report a solvent-less, straightforward, and MAES ‘

facile mechanochemical technique to synthesize nanocomposites of . @ Carbon @ Nitrogen

Ag,0 nanoparticles-doped MnO,, which is further codoped with - ¢

nitrogen-doped graphene (N-DG) [ie., (X %)N-DG/MnO,—(1%
Ag,0)] using physical milling of separately prepared N-DG and

@ Oxygen @ Ag,0 OH
@ MnoO, /
Ag,0 NPs—MnO, annealed at 400 °C over an eco-friendly ball-mill % 0,

process. To assess the efficiency in terms of catalytic performance of  mno,~1%)ag,0 A A

(o}
the nanocomposites, selective oxidation of benzyl alcohol (BIOH) to NSRRI @)‘\H
benzaldehyde (BICHO) is selected as a substrate model with an eco-
friendly oxidizing agent (O, molecule) and without any requirements ‘

for the addition of any harmful additives or bases. Various

nanocomposites were prepared by varying the amount of N-DG in

the composite, and the results obtained highlighted the function of N-DG in the catalyst system when they are compared with the
catalyst MnO,—(1% Ag,0) [i.e., undoped catalyst] and MnO,—(1% Ag,0) codoped with different graphene dopants such as GRO
and H-RG for alcohol oxidation transformation. The effects of various catalytic factors are systematically evaluated to optimize
reaction conditions. The N-DG/MnO,—(1% Ag,O) catalyst exhibits premium specific activity (16.0 mmol/h/g) with 100% BIOH
conversion and <99.9% BICHO selectivity within a very short interval. The mechanochemically prepared N-DG-based
nanocomposite displayed higher catalytic efficacy than that of the MnO,—(1% Ag,0) catalyst without the graphene dopant, which is
N-DG in this study. A wide array of aromatic, heterocyclic, allylic, primary, secondary, and aliphatic alcohols have been selectively
converted to respective ketones and aldehydes with full convertibility without further oxidation to acids over N-DG/MnO,—(1%
Ag,0). Interestingly, it is also found that the N-DG/MnO,—(1% Ag,0) can be efficiently reused up to six times without a
noteworthy decline in its effectiveness. The prepared nanocomposites were characterized using various analytical, microscopic, and
spectroscopic techniques such as X-ray diffraction, thermogravimetric analysis, Fourier-transform infrared spectroscopy, Raman, field
emission scanning electron microscopy, and Brunauer—Emmett—Teller.

Mechanochemical Ball
Milling Procedure

1. INTRODUCTION heterogeneous catalysts are preferred to homogeneous ones in
Catalytic oxidation of alcohols to produce respective carbonyl industrial chemistry owing to their recyclability, low toxicity,
compounds (ie., aldehydes and ketones) is one of the most ease of storage, and tolerance for harsh conditions (e.g., high
pivotal and valuable organic reactions in synthetic chemistry pressure and temperatures).” In this context, noble metallic NPs
from an industrial and scientific viewpoint." These trans- (such as Au, Pd, Ru, and Pt) have been extensively employed as
formations have received increasing interest, attributed to the oxidation catalysts with high efficiency. Although these catalysts
numerous applications of carbonyls in the industries of plastics, usually have some drawbacks, including low abundance, high
insecticides, dyes, flame retardants, cosmetics, and pharmaceut- toxicity, and cost. Therefore, significant efforts are being made

icals.? In conventional procedures, stoichiometric oxidizing
agents, such as dichromate, hypochlorite, permanganate, and
chromium oxide, are used. These oxidants are expensive,
poisonous, and generate enormous amounts of heavy metal
waste and hazardous byproducts.” With growing environmental
concerns, it is necessary to replace undesirable classically
stoichiometric processes with more environmentally benign
methodologies using molecular O, or air as a green oxidant in
order to reduce ecologically unacceptable wastes.” In most cases,

to develop low-cost and abundant catalysts such as transition
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Scheme 1. Preparation of N-DG/MnO,—(1% Ag,0) Nanocomposites via a Mechanochemical Ball-Milling Procedure
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metal NPs (e.g, Cu, Ni, V, Cr, Mo, Fe, Re, and Zr) for the
transformation of alcohols to carbonyls.”® Moreover, numerous
reported methods stated that the effectiveness of the metal-
based catalysts for alcohol oxidation was greatly enhanced after
compositing with other metal NPs, presumably because of the
synergistic effects between them.”

Indeed, metallic NPs are often unstable and easily
agglomerate owing to massive surface energy, which con-
sequently reduces their reactivity and stability.'"” Hence, to
minimize these disadvantages, metal NPs are immobilized on a
suitable dopant or supporting material that has a higher surface
area and inhibits the metal NPs from agglomeration.'" For
example, Li et al., have recently reported the preparation of high-
performance single-atom catalysts (SACs) using 2D transition-
metal dichalcogenides as support.'” For this purpose, iron atoms
were atomically dispersed over defect-containing MoS, nano-
sheets using a reduction approach. The as-prepared iron-based
single-atom nanocatalyst has exhibited excellent catalytic
activity (1 atm O, @ 120 °C) toward the selective oxidation
of benzyl alcohol to benzaldehyde (~99% selectivity and ~100%
conversion). Among the different dopants and catalyst supports
studied, carbonaceous nanomaterials, particularly graphene
derivatives, including GRO, H-RG, and N-DG, have attracted
a lot of interest due to their tremendous potential in several
applications, like catalysis, supercapacitors, drug delivery,
electronics, lithium batteries, sensors, hydrogen storage, and
fuel cells."” This is owing to the unique physical, chemical,
magnetic, electronic, and optical properties of their structure
integrity and massive surface area.'” In their study, Yin et al. have
utilized phosphoric acid and N-containing peanut shells
(biomass waste) to introduce phosphorus (P) into the carbon
skeleton to achieve P-doped porous carbon materials with
inherent N functionality.'” The resulting N-containing, porous
carbon materials showed remarkable catalytic activity toward
the aerobic oxidation of benzyl alcohol with almost 99%
selectivity. Apart from these, several other studies have been
reported on the use of heteroatom-doped, supported catalysts
for the oxidation of alcohols."®

Nitrogen functionality has been used to enhance the
structural and electrical properties of graphene, and N-doping
assists the electron transfer on the substrate-supported metal
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NPs interface to promote the catalyst efficacy and forms
numerous structural defects as anchoring sites to improve the
dispersing of metal NPs.'” Moreover, the additional nitrogen
atom on the graphene sheet offers a superb alternate for the
uniform distribution of metallic NPs on graphene sheets, as it
greatly affects the growth mechanism of NPs, which helps in
controlling the size and morphology of the NPs. In addition,
they assist in the homogeneous dispersion of NPs.'® Addition-
ally, the high electronegativity of nitrogen compared to carbon
leads to the formation of catalytically active sites, due to which
N-doped graphene-based nanocomposites have been employed
as catalysts for numerous reactions.'” In addition to the
aggregation of metal NPs, the inevitable restacking and
agglomeration of graphene sheets led to a decline in their
surface areas, therefore making them undesirable for stron
adherence and uniform dispersion of active components.”
Commonly, the restacking and agglomerating of graphene can
be prohibited by doping various metals or metal oxide NPs like
Pd, Ru, Ag, ZnO, Co;0,, and CeO, on the graphene layer.”" ™
Our research group has developed several metal NP-based
catalysts and their graphene nanocomposites and investigated
their catalytic properties toward the oxidation of alcohols.”****
In our previously reported investigation, we reported that Ag,O
NPs are highly effective dopants for MnO,, and the catalyst (1%
Ag,0)—MnO, calcined at 400 °C afforded outstanding
effectiveness for aerobic oxidation of a wide array of alcohols
with the eco-friendly oxidant O,, which was later studied by
doping the same with GRO and HRG, and their catalytic
aptitude was also explored””> Herein, we prepared novel
Ag,0—MnO,/(X %)N-DG nanocomposites via a facile and
eco-friendly two-steps method with the coprecipitation
procedure followed by the mechanochemical ball-milling
procedure, as described in Scheme 1, and explored their efficacy
with selective aerial oxidation of BIOH as a substrate model. The
mechanochemical ball milling technique assists in the inhibition
of agglomeration. Additionally, the effects of reaction factors on
the catalytic properties of the prepared catalysts are systemati-
cally explored. Furthermore, it is interesting to notice that
introducing a different percentage of N-DG into the Ag,O—
MnO, nanocatalyst could dramatically improve the catalytic
activity for BIOH oxidation. The synthesized materials are fully
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characterized by using suitable microscopic and spectroscopic
techniques. The fabricated catalysts are tested for the aerobic
oxidation of various arrays of alcohols with full convertibility and
selectivity. Interestingly, this is the first report using silver oxide
NPs-MnO, with N-DG as a codopant for alcohol oxidation,
highlighting the influence of N-DG in improving the perform-
ance of the catalyst system.

2. MATERIALS AND METHODS

2.1. Preparation of GRO and N-DG. The Hummers
oxidation procedure is utilized to synthesize GRO.”® Then,
GRO is reduced by adding hydrazine hydrate and ammonium
hydroxide to prepare N-DG, and the full synthetic procedure is
mentioned in the Supporting Information.

2.2. Preparation of Ag,0—MnO,/(X %)N-DG. In brief,
Ag,O nanoparticles—MnO, are synthesized by a one-step
coprecipitation route in which the stoichiometric concentra-
tions of Mn(NO;), and AgNO; solutions were mixed and
vigorously stirred at 98 °C. After that, the dilute solution of
NaHCO; (0.50 M) is added dropwise into the above mixture
solution until it gives a pH value of 9.5; thereafter, the addition of
NaHCO; is stopped, and the resulting solution is continuously
stirred for 4 h at identical temperature. Then, the heating is
stopped, and the stirring is continued overnight at R.T. The solid
powder is filtered using centrifugation and washed many times
with distilled water, and then the powder is kept in the oven at 60
°C overnight for drying. The obtained products are calcined at
400 °C in a muffle furnace, and Ag,O nanoparticles—MnO, are
obtained. Thereafter, the presynthesized N-DG is dried at 60 °C,
followed by grounding in a planetary ball mill. The different wt %
of N-DG are mixed with MnO,—(1% Ag,0) in a planetary ball
milling to obtain MnO,—(1% Ag,0)-doped (X %) N-DG
nanocomposites, ie, (X %)N-DG/MnO,—(1% Ag,O). The
specifics of the planetary ball-milling process are mentioned in
the Supporting Information

2.3. Material Characterization and Catalytic Assess-
ment Studies. The details related to the characterization
techniques and procedure for the aerial alkali-free oxidation of
alcohols have been summarized in Supporting Information

3. RESULTS AND DISCUSSION

3.1. Characterization of Prepared Catalysts. The crystal
morphology of synthesized materials is studied via X-ray
diffraction (XRD) analysis. Figure 1 displays X-ray diffracto-
grams of pristine graphite, GRO, N-DG, MnO,—(1% Ag,0),
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Figure 1. XRD patterns of (a) pure graphite, (b) GRO, (C) N-DG, (d)
MnO,—(1% Ag,0) catalyst, and (e) (5%)N-DG/MnO,—(1% Ag,0)

nanocomposite.
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and (5%)N-DG/MnO,—(1% Ag,O). The XRD pattern of
graphite displays a strong (0 02) peak located at 20 = 26.5° for a
d-distance of 3.43 A.”” However, GRO shows a wide
characteristic peak at 260 = 11.8°, ascribed to the (0 0 2) crystal
planes and related to a distance d of 6.44 A. The absence of a
graphite peak and the appearance of a novel reflection at
approximately 11.8° implies that the total oxidation of graphite
to GRO.” This shift in 26 is attributed to the increase in
interlayer separation from 3.43 to 6.44 A for graphite and GRO,
respectively, which confirms that the stacked graphite sheets are
effectively separated and the presence of surface O-possessing
functional groups between the graphene sheets after the
oxidation process.”” XRD diffractogram of pristine N-DG
shows a broad peak at 20 = 24.6° with a (0 0 2) crystal plane,
which is a feature band of N-DG, and the absence of the GRO
peak at 26 = 11.8°, confirming the successful doping of N atoms
into the graphene sheets.”® XRD pattern for undoped catalyst
MnO,—(1% Ag,0) (without N-DG) is in accordance with the
pyrolusite MnO, (JCPDS no. 24-0735).” For the (5%)N-DG/
MnO,—(1% Ag,0O) diffractogram, all diffraction peaks are
indexed to the well-crystallized pyrolusite MnO, structure
(JCPDS no. 24-0735) and the fingerprint band of N-DG
situated at 24.6°. The average crystallite size of the MnO,—(1%
Ag,0) in the (5%)N-DG/MnO,—(1% Ag,0) nanocomposite is
calculated using the Debye—Scherrer formula and is found to be
4.57 + 1.36 nm, which is smaller than that of MnO,—(1%
Ag,0), i.e., before milling, which is found to be 11.10 nm.
Thermogravimetric analysis (TGA) is conducted to measure
the thermal properties of the synthesized materials from R.T. to
800 °C under a N, atmosphere. Figure 2 shows the comparison
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Figure 2. TGA thermograms of (a) pure graphite, (b) GRO, (c) N-DG,
(d) MnO,—(1% Ag,0) catalyst, and (e) (5%)N-DG/MnO,—(1%
Ag,0) nanocomposite.

between the thermal properties of the synthesized nano-
composite [ie, (5%)N-DG/MnO,—(1% Ag,0)] and the
thermal behaviors of its precursors like graphite, GRO, N-DG,
and MnO,—(1% Ag,0). Pristine graphite is highly thermally
stable and shows a full weight loss of ~1% over a broad range of
temperatures (R.T. —800 °C). In contrast, the stability of GRO
is much lower than that of pristine graphite. This could be
presumably due to the existence of numerous surface oxygen-
bearing groups on GRO sheets.”” TGA curve of GRO shows
~5% weight loss at a temperature of 100 °C, which distinctly
might be due to the evaporation of moisture and physisorbed
H,O held on the surface of GRO. The second mass loss of
approximately 45% at 200—385 °C could be related to the
pyrolysis of oxygenic-carrying groups. Finally, the third weight
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loss (~10%) occurred between 385 and 800 °C due to the
thermal degradation of the carbon skeleton.®’ Nevertheless, the
TGA graph of N-DG exhibits a total mass loss of 28%, ascribed
to the reduction of O-containing groups on the graphene
surface.

Besides, the (5%)N-DG/MnO,—(1% Ag,O) thermogram
exhibited an entire weight loss of ~20% compared to the 18%
weight loss exhibited by the MnO,—(1% Ag,0) catalyst over the
identical temperature range, suggesting that the doping of the N-
DG in the MnO,—(1% Ag,0) catalyst, i.e., the (5%)N-DG/
MnO,—(1% Ag,0), slightly reduces its thermal stability.

The FTIR spectrum of the (5%)N-DG/MnO,—(1% Ag,0O)
catalyst is illustrated in Figure 3, and the FTIR results of N-DG

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (¢cm™')

Figure 3. Fourier-transform infrared spectroscopy results of (a) GRO,
(b) N-DG, and (c) (5§%)N-DG/MnO,—(1% Ag,O) nanocomposite.

and GRO are also shown for comparison. For the GRO, the
broad range band at around 3430 cm™ is related to (O—H)
stretching vibrations attributed to the existence of oxygen-
bearing functionalities. The sharp peak centered at 1736 cm ™ is
assigned to C=0 stretching modes of carboxylic groups, and
the peak situated at 1630 cm™' belongs to the carbon skeletal
vibrations from nonoxidized graphitic domains."® Additionally,
the other peaks located at 1065, 1224, and 1394 cm™! are
correlated to the vibrations of C—0, C—0O-C, and C—OH,
respectively.”” The fingerprint peaks of oxygenated function-
alities are distinctly weakened and/or vanished in the spectra of
pristine N-DG and (5%)N-DG/MnO,—(1% Ag,O) nano-
composite, confirming that GRO has been reduced efficiently
to N-DG. For the N-DG spectrum, some characteristic peaks are
detected at 3434 and 1560 cm™, belonging to stretching modes
of N—H, and the peak at ~1155 cm™’, assigned to vibrations of
C—N,” and other peaks belonging to oxygenic groups,
disappeared, as expected. Nonetheless, comparing the GRO
spectrum with pure N-DG and (5%)N-DG/MnO,—(1% Ag,0)
nanocomposite obviously shows the efficacious reduction of
most oxygenated functionalities. As predicted, the spectra of
(5%)N-DG/MnO,—(1% Ag,0) nanocomposite show a wide
band at 3434 and 1560 cm ™" assigned to vibrations of N—H and
the absorption peak centered at 1155 cm™" associated with the
vibrations of C—N. Finally, the strong peak located at 582 cm™"
is assigned to the vibration modes of Mn—0.>*

Raman analysis is an important characterization technique to
estimate the quality of graphene and its derivatives.” Figure 4
demonstrates the Raman spectra of GRO, N-DG, and the
(5%)N-DG/MnO,—(1% Ag,0) nanocomposite. As shown in
Figure 4a, the GRO spectrum illustrates two distinguished
bands: the G-band at around 1604 cm™ attributed to the Epe
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Figure 4. Raman spectra of (a) GRO, (b) N-DG, and (c) (5%)N-DG/
MnO,—(1% Ag,0) nanocomposite.

phonon of sp® hybrid carbon atoms and the D-band situated at
~1335 cm™" associated with a disordered graphene lattice of Ay
symmetry. The G-band is commonly related to the well-order
structure of stretching vibrations of the C—C bond, while the D-
band is usually generated from the disorder structure, which
might be owing to the presence of defects.”® The defective
degree of graphene is usually calculated by the (Ip/Ig) ratio.”
For the spectra of N-DG and (5%)N-DG/MnO,—(1% Ag,0),
the G-band appears at 1595 and 1598 cm™" and the D-band at
1328 and 1328 cm ™!, respectively. Notably, the G-band in the N-
DG spectra is red-shifted to a low wavenumber due to the
oxygen atom being replaced by a nitrogen atom through N
doping, which consequently forms pyridinic, pyrrolic, and N-
graphitic atoms instead of sp*-hybridized carbon atoms.”” The
D-band in the GRO spectra has been widened and can be
ascribed to the presence of oxygenic functionalities through an
oxidation method that disrupts the sp® structure. The increment
in the number of defects (I/I;) from 1.09 (GRO) to 1.33 (N-
DG) indicates that the doping of heterogeneous N-atoms into
the graphene nanolayers. Finally, the higher number of defects
(Ip/1g) for (5%)N-DG/MnO,—(1% Ag,0) (1.54), compared
with pure N-DG, suggests an increase of defects attributed to N-
doping. Besides, the Raman spectrum of the (5%)N-DG/
MnO,—(1% Ag,0) nanocomposite displayed a characteristic
band located at 644 cm™". The existence of this band might be
ascribed to the symmetric lattice vibrations of Mn—O, implying
the presence of MnO, in the synthesized (5%) N-DG/MnO,—
(1% Ag,0) nanocomposite.”® Fortunately, the obtained Raman
results are in full accordance with the XRD and FTIR results.
The morphology of the sample is examined using field
emission scanning electron microscopy (FE-SEM). The micro-
graphs of the (§%)N-DG/MnO,—(1% Ag,0) nanocomposite
are displayed in Figure 5. From the image Figure Sa, it can be
assumed that the N-DG are block-like structures and are
immersed inside a pool of MnO,—(1% Ag,O) nanoparticles,
which are cubic-shaped, which is evident from the image (Figure
Sb). In order to compare the variations in surface area owing to
the inclusion of N-DG in the catalyst protocol and to understand
the relation between the surface areas and the effectiveness of
the prepared materials for alcohol oxidation, the BET surface
area analyses of the fabricated materials are measured. Table 1
illustrates that the surface area of pure MnO,—(1% Ag,0O)
(without N-DG) is about 84 m?®/g. As expected, after
incorporating the catalytic system with graphene dopants
including N-DG, GRO, and H-RG, the surface areas are
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Figure S. FE-SEM images of the (5%)N-DG/MnO,—(1% Ag,0) nanocomposite at different magnifications [(a) 50 and (b) 20 ym].

Table 1. Oxidation of BIOH Over the Prepared Catalysts with Different Graphene Dopants”

sL. no. catalyst surface area (m?/g) conv. (%) select. (%) specific activity (mmol/h/g)
1 MnO, 39 39.6 >99.9 6.33
2 MnO,—(1% Ag,0) 84 622 >99.9 9.95
3 (5%)N-DG/MnO,—(1% Ag,0) 163 100.0 >99.9 16.00
4 (5%)GRO/MnO,—(1% Ag,0) 159 95.6 >99.9 15.29
5 (5%)H-RG/MnO,—(1% Ag,0) 149 89.4 >99.9 1431

“Experimental conditions: BIOH (2 mmol), toluene (15 mL), an O, rate of 20 mL/min, a catalyst dose of 300 mg, an operating temperature of 100
°C, and a period of 25 min.

markedly raised to 164, 159, and 149 m*/g, respectively. It is Scheme 2. Scheme Depiction of BIOH Dehydrogenation in
noteworthy that the catalytic results of the as-made samples the Presence of O, Over the (X %)N-DG/MnO,—(1% Ag,0)
relate well to the surface area. Noticeably, the catalytic aptitude Nanocomposite

after doping MnO,— (1% Ag,0) with N-DG, GRO, and H-RG, 0
ie, (5%)N-DG/MnO,—(1% Ag,0), (5%)GRO/MnO,—(1%
Ag,0), and (5%)H-RG/MnO,—(1% Ag,0), respectively, was ©/\OH Y
also considerably enhanced. Hence, it could be stated that the
compositing graphene dopants (i.e., N-DG, GRO, or H-RG) to
the catalyst protocol had a positive influence on surface area,
which necessarily leads to an increase in the efficacy of the
catalytic system. Ultimately, the (5%)N-DG/MnO,—(1%
Ag,0) nanocomposite has the maximum surface area and
affords the highest conversion of BIOH compared with other
catalysts, whereas other synthesized catalysts possess lower
catalytic performance and surface area.

3.2. Catalytic Assessment Tests. The major target of the
current report is alcohol oxidation with both high convertibility

and selectivity, employing dioxygen as an ecofriendly oxidizing 100 (d)
agent with no use of alkalis or surfactants. To realize this aim, we (e)
have utilized N-DG as a codopant for the Ag,0O NP-doped (¢)
MnO, catalyst in the aerial selective oxidation of BIOH as the

probe molecule to BICHO under alkali-free circumstances, as (b)
described in Scheme 2. It has been observed that this oxidation

transformation has been markedly affected by different reaction . @
factors, including various percentages of N-DG, various S

graphene dopants, reaction period, catalyst concentration, and o

operating temperature, as demonstrated in Figures 6—9.

3.2.1. Impact of Different Graphene Dopants. Subse-
quently, we have compared the catalytic aptitude of MnO,—

@ Carbon
@ Nitrogen
@ Oxygen

. @ Ag0

: i B @ MnO,
(X%)NDG/MnO,-(1%)Ag,0 Nanocomposite

e
=]
1

[
=]
L

Conversion (%)

£
=
1

(1% Ag,0) catalysts doped with various graphene dopants 404

(GRO, H-RG, and N-DG) for selective aerial oxidation of BIOH 5 0 15 20 25

to realize the effect of graphene on the activity of the catalyst Time (min)

system, and the attained data are collected in Table 1. Initially, Figure 6. Graphical presentation of BIOH oxidation over (a) MnO,—
we examined a pure MnO, sample for this oxidation process (1% Ag,0), (b) (1%)N-DG/MnO,—(1% Ag,0), (c) (3%)N-DG/
under the aforementioned conditions, and a 39.58% conversion MnO,—(1% Ag,0), (d) (5%)N-DG/MnO,—(1% Ag,0), and (e)
in 25 min was detected, while after doing it with 1% of Ag,0, i.e., (7%)N-DG/MnO,—(1% Ag,0) nanocomposites.

MnO,—(1% Ag,0), the BIOH conversion significantly
increased and yielded 62.2% alcohol conversion at the same Ag,0) nanocatalyst, ie., (5%)N-DG/MnO,—(1% Ag,0) has
conditions. Nevertheless, further modifications have been higher performance than the nanocomposites codoped with
carried out by doping N-DG as a codopant to the MnO,—(1% GRO and H-RG, ie, (5%)GRO/MnO,—(1% Ag,0) and
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Figure 8. Effect of changing catalyst dosage on BIOH oxidation
catalyzed by (a) MnO,, (b) MnO,—(1% Ag,0), and (c) (5%)N-DG/
MnO,—(1% Ag,0).

(5%)H-RG/MnO,— (1% Ag,0), respectively. The (5%)N-DG/
MnO,—(1% Ag,0) catalyst exhibits the best performance and
yields 100% transformation of BIOH with a premium specific
activity of 16.0 mmol/h/g within short intervals (25 min). The
GRO-based nanocomposite, i.e., (5%)GRO/MnO,—(1%
Ag,0) gave a 95.6% conversion of BIOH in addition to 15.29
mmol/h/g specific activity. The enhanced activity after the
introduction of GRO in the catalyst system might be ascribed to
the existence of oxygenic-possessing groups in GRO assisting
the oxidation of alcohol.”” It is noteworthy that after inclusion of
H-RG in MnO,—(1% Ag,0) nanocatalyst, the (5%)H-RG/
MnO,—(1% Ag,0) afforded higher efficiency relative to
MnO,—(1% Ag,0O) without codopant (H-RG), presumably
owing to the increase adsorption between 7-electrons on the H-
RG surface and 7-electrons on the aromatic substrates (BIOH)
through the 7—7 interaction near catalytic active sites of the
catalyst [MnO,— (1% Ag,0)].”* The improved activity of the N-
DG-based catalyst could be ascribed to the presence of the
nitrogen atoms on the N-DG surface; moreover, the extra
electronic density compared to the carbon atoms is because of
the presence of the nitrogen atoms.”” Ultimately, the existence
of N-DG could be responsible for more defects in the crystalline
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Figure 9. Recyclability results of the (5%)N-DG/MnO,—(1% Ag,0)
catalyst for selective oxidation of BIOH. Experimental conditions:
BIOH (2.0 mmol), flow rate of O, (20 mL/min), toluene (15 mL),
catalyst dose (0.30 g), operating temperature (100 °C), and time (25
min).

catalysts [i.e, MnO,—(1% Ag,0)], which improves the
efficiency of the catalytic protocol.

The same reaction is carried out under solvent-free conditions
while maintaining the other parameters identical, and a 34%
conversion product is obtained, while the selectivity was >99%.

3.2.2. Effect of wt Percentage of N-DG. In most cases, the
efficacy of the oxidation catalyst can be fine-tuned after utilizing
carbonaceous materials, particularly graphene as a catalyst
support or a dopant.”’~** In our previous study, we reported
that the Ag,O nanoparticles are superb dopants for the MnO,
nanocatalyst, and MnO,—(1% Ag,0) catalyst at 400 °C
annealing temperature exhibited outstanding catalytic aptitude
for aerial selective oxidation of alcohols, with dioxygen serving as
an eco-friendly oxidizing agent.” Subsequently, herein, the
MnO,—(1% Ag,0) catalyst is selected and further modified by
doping it with different weight percentages of N-DG to further
enhance its activity. However, the initial investigations were
conducted to find out the appropriate wt % of N-DG in the
prepared nanocomposite. Initially, the effectiveness of pristine
N-DG has been examined toward aerobic BIOH oxidation, and
it was found that the N-DG exhibits very low performance and
can be neglected.

The catalytic properties of various (X %)N-DG/MnO,—(1%
Ag,0) nanocomposites, in which the weight percentage of N-
DG is varied from 1 to 7 wt %, and their activities are examined
for oxidation of BIOH, and the catalytic results are compiled in
Table 2 and Figure 6. As displayed in Table 2 and Figure 6, the
[MnO,—(1% Ag,0)] catalyst without N-DG gave a 62.2%
BIOH conversion in 25 min. Nevertheless, after doping the
synthesized catalyst with 1 and 3 wt % N-DG, i.e,, (1%)N-DG/
MnO,—(1% Ag,0) and (3%)N-DG/MnO,—(1% Ag,0), the
nanocomposites afford BIOH conversion of 72.4% and 85.8%,
respectively, at the same practical conditions. Further raising the
weight % of N-DG in the nanocomposite to 5%, i.e., (5%)N-
DG/MnO,—(1% Ag,0), the performance considerably in-
creases and yields a 100% conversion in 25 min and a premium
specific activity of 16.0 mmol/h/g. When the weight % of N-DG
further increases to 7%, the efficacy of the nanocomposite
slightly declines to 94.15%, possibly attributed to the blocking
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Table 2. Catalytic Oxidation of BIOH to BICHO Over the Several Synthesized Catalysts”

sl. no. catalyst
1 N-DG
2 MnO,—(1% Ag,0)
3 (1%)N-DG/MnO,—(1% Ag,0)
4 (3%)N-DG/MnO,—(1% Ag,0)
s (5%)N-DG/MnO,—(1% Ag,0)
6 (5%)N-DG/MnO,—(1% Ag,0) [S]
7 (5%)N-DG/MnO,—(1% Ag,0) [solvent-free]
7 (7%)N-DG/MnO,—(1% Ag,0)

conv. (%) select. (%) specific activity (mmol/h/g)

3.2 >99.9 0.51
622 >99.9 9.95
724 >99.9 11.58
85.8 >99.9 13.72

100.0 >99.9 16.0

47 >99.9 6.89
34 >99.9 S5.44
94.2 >99.9 15.06

“Experimental conditions: BIOH (2 mmol), toluene (15 mL), O, rate of 20 mL/min, catalyst dose of 300 mg, operating temperature of 100 °C,

and a period of 25 min.

effect of N-DG that may block the catalytic active sites of the
catalyst due to the high weight % of N-DG. In addition, the
BICHO selectivity remains constant during all oxidation
reactions (>99.9%). As a result, it can be stated that the N-
DG had a pivotal impact in promoting the efficacy of the present
catalytic methodology for this oxidation process. Eventually, the
results disclose that (5%)N-DG/MnO,—(1% Ag,O) is the
preferable catalyst among all other fabricated catalysts and will
be utilized in further optimization studies.

In addition to the role played by the presence of N-DG in the
catalyst system, the role of ball milling in the enhancement of the
efficiency of the catalyst system was evaluated. The superior
catalytic activity among the as-prepared catalysts, i.e., (5%)N-
DG/MnO,—(1% Ag,0)[S] (Figure S1), was prepared by
mixing the components of the composite, i.e, N-DG and
MnO,—(1% Ag,O) using a spatula, and the nanocomposite
obtained was employed for the catalytic oxidation of BIOH,
which gave a 47% conversion product, unlike the 100%
conversion obtained when the (5%)N-DG/MnO,—(1%
Ag,0) prepared by ball milling was used. Hence, it can be
concluded that the ball milling procedure employed plays a
significant role in the catalytic performance of the nano-
composite, just like previous reports wherein the ball milling of
several metal oxides had a favorable effect on their properties.**
In addition to the comparative catalytic performance study, the
morphology of the catalyst prepared by simple mixing using a
spatula, i.e., (5%)N-DG/MnO,—(1% Ag,O)[S] was evaluated
using SEM analysis, and the micrograph obtained was compared
to the catalyst obtained by ball milling (cf. Figure S1). It can be
observed that the N-DG component of the catalyst is
noninteractive with the MnO,—(1% Ag,0), while in the
microgram obtained for the sample prepared using ball milling,
it can be clearly observed that there is intense interaction
between the two components, most probably enforced due to
the procedure employed, which in turn has an assenting
influence on the catalytic performance.

3.2.3. Impact of the Operating Temperature. Ordinarily,
the operating temperature plays a vital role in the catalyst system
and has a pronounced impact on the efficacy of catalysts.
Accordingly, the impact of temperature on the BIOH oxidation
is also assessed by carrying out the reactions in R.T., 40, 60, 80,
and 100 °C with the prepared catalysts [i.e., MnO,, MnO,—(1%
Ag,0) and (5%)N-DG/MnO,—(1% Ag,0)] while keeping
other reaction variables constant. According to Figure 7, the
operating temperature has a positive influence on the perform-
ance of all of the catalysts applied in the current report.
Meantime, outstanding selectivity toward BICHO (typically
>99.9%) is accomplished for all catalysts. Among all of the
catalysts, the (5%)N-DG/MnO,—(1% Ag,0) catalyst yielded
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the maximum catalytic performance. A low alcohol conversion
of 37.9% is detected when the experiment is carried out at a
lower operation temperature (i.e.,, R.T.). As it is predictable, with
raising the temperature to 100 °C, an entire conversion of BIOH
is accomplished under other identical experimental circum-
stances. Therefore, the optimal reaction temperature for this
study is 100 °C.

3.2.4. Impact of Catalyst Dose. Furthermore, optimization
studies of the catalyst dose are performed by varying the catalyst
quantity from 50.0 to 300 mg. Subsequently, the impact of the
amount of the as-made catalysts [ie, MnO,, MnO,—(1%
Ag,0), and (5%)N-DG/MnO,—(1% Ag,0)] is tested while
preserving other experimental factors, and the achieved
observations are plotted in Figure 8. When the oxidation
process is conducted in the absence of the prepared catalyst, we
have found that no product BICHO is detected, suggesting that
the catalyst is indispensable for the current oxidation reaction.
Figure 8 distinctly shows that the alcohol conversion increased
linearly with the rising catalyst quantity from 50.0 to 300 mg.
While the selectivity of BICHO is unaltered through all
oxidation tests (<99.9%). Distinctly, the results verified that
the (5%)N-DG/MnO,—(1% Ag,0) catalyst showed maximal
effectiveness compared with other catalysts, and the conversion
rose greatly from 27.25% to 100% as the amounts of catalyst rose
from 50.0 to 300 mg in just 25 min, indicating that the catalysis is
being carried out outside the diffusion limitation.

At optimized experimental conditions, a blank test is
conducted utilizing (5%)N-DG/MnO,—(1% Ag,O) without
using any substrate (BIOH) or solvent (toluene) to emphasize
that there is no function of toluene in the BIOH oxidation to
BICHO. As expected, the oxidative yield (BICHO) is not
detected, deducing that the BH is formed only as a result of the
selective oxidation of BIOH and not generated from the
oxidation of toluene under the aforementioned conditions.
Moreover, to understand the significance of the oxidant (O,
molecule) for the present oxidation process, the experiment is
carried out using (5%)N-DG/MnO,—(1% Ag,O) utilizing
atmospheric air instead of molecular O,, and it is observed that
the as-obtained catalyst shows conversion of only 23.8%
compared to the 100% conversion for a reaction carried out
using O,, which suggests the pivotal role of molecular O,.

3.3. Catalyst Recyclability Evaluation. Catalyst recycla-
bility is an extremely important aspect from both environmental
and industrial viewpoints. Therefore, the reutilization of (5% )N-
DG/MnO,—(1% Ag,0) nanocomposite for aerobic oxidation
of BIOH with an O, molecule is tested under optimum
circumstances. After each recycling reaction, the used sample is
recovered by centrifugation, then filtration, washed thoroughly
with toluene for cleaning the surface of the catalyst, followed by
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Table 3. Comparative Data of the Catalytic Oxidation of BIOH Over Several Catalytic Systems with Graphene

catalyst time (h) T (°C)
(5%)N-DG/MnO,— (1% Ag,0) 042 100
(5%)H-RG/MnO,—(1% Ag,0) 042 100
(5%)GRO/MnO,—(1% Ag,0) 042 100
Au NPs/N-DG 6 70
Co NPs/N-DG 8 100
Pd NPs/GO 6 110
Cu NPs/rGO 16 80
4% Ru(CO)/N-DG 24 90
Fe,0,~Pt NPs/rGO 3 80
0.3% Sn—W/RGO 3 80
Fe,0,/HPW/GRO 3 70
MnCoO/RGO 2 140
MnO,/GRO 3 110

conv. (%) select. (%) sp. Activity (mmol/h/g) ref

100 <99.9 16.0 this study
100 <99.9 15.29 24
100 <99.9 14.31 25

67 40 0.4 45

89.5 97.3 4.5 46

36 34.1 1.0 47
<99 98.6 8.3 48

46 <99 6.4 22

33.6 100 42.0 49

94 94.3 18.7 40

99 100 16.7 S0

78 100 12.6 S1

97 100 1.6 41

drying at 100 °C for 4 h to reactivate the catalyst, to be reused for
the next recycling run.

The results indicate that the (5%)N-DG/MnO,—(1% Ag,0)
catalyst manifested superior durability and can be reused for 6
runs without notable loss in its efficacy. As seen in Figure 9, the
BIOH conversion is slightly reduced from 100 to 91.4% after 6
cycles, and the selectivity toward BICHO stays constant
(typically >99.9%) through these recycling runs. The trivial
decline in activity is possibly attributed to the small mass loss of
the prepared sample over the filtration step.™*

Accordingly, the attained data revealed that the (5%)N-DG/
MnO,—(1% Ag,O) catalyst has excellent durability and
recyclability, which is potentially beneficial for chemical
industries.

The catalytic efficacy for base-free selective aerial oxidation of
BIOH to BICHO over the (5%)N-DG/MnO,—(1% Ag,0O)
catalyst in the current investigation and previously published
graphene-based catalysts is compared in Table 3. Compared to
the listed graphene-based catalysts compiled in Table 3, the
(5%)N-DG/MnO,—(1% Ag,0) catalyst in this study showed
the highest conversion, specific activity, and selectivity, as well as
the shortest reaction time for this transformation. The (5%)N-
DG/MnO,—(1% Ag,0) nanocomposite shows 100% BIOH
transformation and >99.9% BICHO selectivity within quite a
short time of 25 min with superb specific activity (16.0 mmol/h/
g). The data distinctly verified that other catalytic systems
containing graphene showed lower conversion and specific
activity within an extremely long time with respect to the as-
made catalyst. This is presumably attributed to the increment in
surface defects, distortions, and vacancies in the N-DG
nanosheets, which had an explicit impact on promoting the
catalytic activity. In this regard, Xie et al.*> reported selective
oxidation of BIOH catalyzed by Au NPs/N-DG nanocomposite
with H,0, as a green oxidant with 67% alcohol conversion, 40%
selectivity toward BICHO, and 0.40 mmol/h/g specific activity
after 6 h. Besides, Ramirez-Barria et al.”” have fabricated Ru NPs
immobilized on N-DG (4% Ru(CO)/N-DG) and used them for
selective aerobic oxidation of BIOH with O, as an ecologically
friendly oxidant. The 4% Ru(CO)/N-DG catalyst gave just 46%
BIOH conversion and <99% selectivity to BICHO, with a lower
specific activity of 6.4 mmol/h/g within an extremely long
operation period (24 h) compared with our catalyst.

3.4. Aerial Selective Oxidation of Other Alcohols by
(5%)N-DG/Mn0O,—(1% Ag,0). Encouraged by the aforemen-
tioned superior results, the optimal circumstances are applied to
the aerial oxidation of structurally diverse alcohols, including
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primary, benzylic, heterocyclic, aliphatic, secondary, and allylic
alcohols, in the presence of (5%)N-DG/MnO,—(1% Ag,0O)
nanocomposite as the catalyst employing dioxygen as an
environmentally friendly oxidant (Table 4). The results
obtained show that all primary aromatic alcohol derivatives
are oxidized to desired products in short intervals at optimal
conditions without over-oxidation product such as benzoic acid.
It is interesting to note that superb selectivities to corresponding
carbonyls (aldehydes or ketones) (typically >99.9%) are
achieved for most of the alcohols employed in this report, and
no undesirable products are observed. The catalytic efficacy is
significantly dependent on the electronic properties of groups
linked to the aromatic alcohols, relying on their capability to give
electrons to the phenyl ring.”” As predictable, the electron-rich
aromatic substrates carrying electron-releasing groups have
higher reactivity and show shorter times, whereas the oxidation
times for the aromatic substrates with electron-deficient groups
are relatively longer.> It is noteworthy that aromatic substrates
that contain an electron-donating group, such as 4-methox-
ybenzyl alcohol, are fully transformed to 4-methoxy-benzalde-
hyde in 35 min. In contrast, 4-trifluoromethylbenzyl alcohol that
has an electron-withdrawing substituent needs a relatively longer
time of 65 min. Besides, it is observed that the para-substituted
benzylic alcohols are fully oxidized within comparatively shorter
times comparing with ortho- and meta-positions maybe
attributed to the para-position possessing lowest steric
hindrance compared with other positions.”* In this context,
the complete oxidation of para-nitrobenzyl alcohol takes place in
55 min, while meta- and ortho-nitrobenzyl alcohols are fully
oxidized to respective aldehyde derivatives at comparatively
longer times of about 65 and 80 min, respectively, relative to
para-position. Moreover, steric resistance is also a pivotal
parameter that affects the catalytic performances ascribed to the
bulky substituents (trimethoxy, trifluoromethyl, dichloro, and
pentafluoro) connected to the phenyl ring minimizes the
oxidation rate and needs a longer reaction time. This could be
owing to the fact that steric resistance hinders the interaction of
the alcohol with the catalyst surface, in-turn affecting the
oxidation rate of bulky alcohols.” Notably, the present catalytic
methodology has been found to be efficient for the oxidation of
allylic alcohols; for example, cinnamic alcohol is fully trans-
formed to cinnamic aldehyde within 45 min of the reaction.
Moreover, a heteroaromatic alcohol such as furfuryl alcohol is
selectively transformed to fural in 120 min.

It is important to note that the present catalytic strategy has
been found to be efficacious toward selective oxidation of
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Table 4. General Applicability of the (5%)N-DG/MnO,—(1% Ag,0) Catalyst in the Selective Base-Free Oxidation of Alcohol
Derivatives with O,”

Time  Conv. (%)/ Select. Time  Conv. (%)/ Select.
SL.No. Substrates Carbonyls (mins) (%) SL.No. Substrates Carbonyls (mins) (%)
OH [e) H OH (®) H
1 25 100/ > 99.9 13 { Cl % _Cl 65 100/ > 99.9
OH (@) H
OH O _H
2 30 100/ > 99.9 OCH,4 OCH;,
14 70 100/ >99.9
CHgy CHg OCHj OCHj,
O H OCHg OCHg3
OH (0] H

w
: o
I

35 100/ > 99.9
/ Cl Cl
15 75 100/ > 99.9
OCHg OCHj,4
OH

O cl Cl
4 45 100/ > 99.9 OH O H
OCH F. F F. F
OCHs 8 16 80 100/ > 99.9
O H
OH F F F F
5 40 100/ > 99.9 F F
N SN
CH3 CHj 17 O/\/\OH ©/\/\O 45 100/ > 99.9
OH O._H
|\
18 H 120 100/ > 99.9
6 45 100/ > 99.9 UVOH (0) />
Y (0]
Cl ¢] OH 0
OH O._H 19 @)\ O)‘\ 30 100/ > 99.9
7 50 100/ > 99.9 OH o)
20 40 100/ > 99.9
OH O._H
OH o)
8 55 100/ > 99.9 21 /@A /©)\ 45 100/ > 99.9
cl cl
NO NO.
2 2 OH o
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“Experimental conditions: alcohol (2.0 mmol), (5%)N-DG/MnO,—(1% Ag,0) catalyst, catalyst dose of 0.30 g, O, rate of 20 mL/min, toluene (15
mL), and operating temperature of 100 °C.

secondary aromatic alcohols, and complete conversion as well as The total oxidation of styrallyl alcohol to acetophenone
selectivity toward respective ketone derivatives are achieved. occurred in just 30 min, while 1-(4-chlorophenyl)ethanol also
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affords 100% conversion but in a longer time of 45 min; this
presumably is due to the presence of an electron-withdrawing
substituent in the 1-(4-chlorophenyl)ethanol that deactivates
the aromatic ring by reducing the electron density.

Indeed, the benzylic substrates are relatively more active than
their aliphatic counterparts.”® The complete oxidation of 1-
octanol, citronellol, and cyclohexylmethanol takes place over
longer periods time. Likewise, the selective oxidation of
secondary aliphatic alcohols shows lower reactivity relative to
secondary aromatic alcohols. As estimated, it is necessary to
prolong the reaction time, attributed to the fact that the
oxidation of aliphatic substrates is more difficult than that of
aromatic counterparts. Unsurprisingly, the entire oxidation of
styrallyl alcohol happened within 30 min, while the total
oxidation of 2-octanol happened in an extremely longer time,
i, 250 min. Based on that, the efficacy of this catalytic
methodology is strongly impacted by two variables: steric
hindrance and electronic properties.

3.5. Possible Role of Ag,0 and MnO, in the Oxidation
of Alcohol. Typically, during the oxidation of alcohols, gold-
based catalysts exhibit higher activity and selectivity than various
other noble metal catalysts, including Pt and Pd.>” However,
gold catalysts suffer from various problems, including rapid
deactivation and high cost. Although silver-based compounds
have long been used for the oxidation of alcohols, they were
largely applied for gas-phase reactions.”® Gradually, silver-based
catalysts have also been gaining prominence in liquid-phase
oxidation reactions. This information is unsystematic and very
scattered on two aspects: catalytic systems and reactions
studied.”® Typically, during the oxidation of alcohols, the basic
species is an important factor.”” Thus, the basic strength of the
active sites is crucial, as demonstrated by Sanderson et al. The
results revealed that the oxygen in Ag,O has the most negative
effective charge, —0.46e, among the transition metal oxides, and
that of Cu,O is —0.44.%" Therefore, the oxygen species of silver
oxides are the strongest basic sg)ecies among other oxides, which
exhibit more negative charge.®” Typically, the acidic sites often
promote alcohol dehydration, and the basic sites favor alcohol
dehydrogenation.”® Thus, in this case, possibly, the facets of
silver in Ag, O act as ideal multifunctional facets that facilitate the
regeneration of oxidative, strong basic oxygen species and weak
acidic sites quickly for the catalytic cycles, such as molecular
oxygen activation, alcohol chemical adsorption, and the
subsequent dehydrogenation. On the other hand, manganese
oxides are known to exhibit strong oxidizing properties toward
small organic molecules and thus have been used in alcohol
oxidation reactions.’* Besides, they demonstrate excellent
proton conductivity and good recyclability due to the synergistic
effect between the active metal component and the oxide.

4. CONCLUSIONS

In this study, we have efficiently prepared Ag,O NPs doped
MnO, codoped with N-DG, ie., (X %)N-DG/MnO,—(1%
Ag,0) nanocomposites through a coprecipitation process
followed by mechanochemical procedure and applied as an
efficacious catalyst for aerobic base-free oxidation of various
benzylic, aliphatic, primary, secondary, heterocyclic, and allylic
alcohols with O, as a nature-friendly oxidant under mild
conditions. In addition, we have compared the effectiveness of
MnO,—(1% Ag,O) doped with various graphene dopants,
including N-DG, GRO, and H-RG for this oxidation process to
comprehend the graphene role in the catalytic protocol. The
results distinctly disclose that the N-DG/MnO,—(1% Ag,0O)
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has higher performance than the undoped catalysts MnO,—(1%
Ag,0), GRO/MnO,—(1% Ag,0), and H-RG/MnO,—(1%
Ag,0). The increased effectiveness of the N-DG/MnO,—(1%
Ag,0) nanocomposite is possibly due to the existence of N-DG,
which influences the interactions between nitrogen atoms on the
N-DG surface and MnO,—(1% Ag,0) NPs. The presence of
graphene sheets offers several defects and distortions in
structure, which led to an increase in the adsorption of aromatic
substrates near the active sites, and it can improve the
interactions among N-DG surface and acidic substrates, which
leads to superb catalytic performances. The (5%)N-DG/
MnO,—(1% Ag,0) catalyst exhibits impressive catalytic efficacy
(100% conversion and >99.9% selectivity toward BICHO) for
selective alkali-free oxidation of BIOH in quite a short time. Very
interestingly, the prepared catalyst presented a premium specific
activity (16.0 mmol/h/g) in comparison with other previously
reported graphene-based catalysts. Importantly, the oxidation of
aromatic substrates is extremely easier than aliphatic counter-
parts and might be ascribed to the strong interactions (7—7
stacking) among aromatic alcohols and graphene layers. (5%)N-
DG/MnO,—(1% Ag,0) is stable without notable activity and
selectivity decline after six recycling runs. The prime features of
this catalytic methodology are (1) facile straightforwardness, (II)
readily available precursors, (III) additive-base-free oxidation,
(IV) environmentally friendly and low-cost oxidant, (V)
inexpensive recoverable catalyst, (VI) mild conditions, (VII)
entire convertibility and high selectivity, (VIII) short time of
reaction, and (IX) applicability to all types of alcohols.
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