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Abstract: In this article, the oxidation of alcohols into carbonyl compounds was studied in oxygen
atmospheres using a copper oxide on graphene oxide (CuO@GO) nano composites catalyst, synthe-
sized by the wet chemistry method. CuO@GO nano composites were prepared from GO, and CuO
NPs by the sol-gel method. The transformation of aromatic alcohols into corresponding carbonyl
compounds in good-to-high yields were observed using the CuO@GO catalyst under an oxygen
atmosphere. Synthesized CuO@GO was confirmed by FT-IR, XRD, XPS, TEM, FE-SEM, TEM, and
SEM analyses, and revealed intercalation of CuO-NPs on/in GO nano sheets through the chelation of
Cu*? ions with CO, COOH, and OH groups presenting on the GO nano sheets. The catalytic activity
of CuO@GO nano composites for the conversion of alcohols into carbonyl compounds were evaluated
through TOF (2.56 x 1073 mol g~! min~'). The use of CuO@GO has shown catalytic activity and
recyclability with a high conversion of alcohols to ketones. We assume that the proposed CuO@GO
catalyst can be used for other key organic transformations and will be evaluated in the future.

Keywords: catalysis; CuO@GO; TOF; alcohols; ketones; oxidation; GO

1. Introduction

The oxidation of aromatic alcohols into carbonyl compounds is a ubiquitous trans-
formation in nature. Numerous oxidizing agents such as palladium [1], platinum [2—4],
chromium (VI) reagents [5], and manganese [6] or ruthenium [7] salts have attracted much
attention to promote this key transformation. In many cases, these reagents are required in
stoichiometric amounts and are normally toxic, hazardous, or both. Recently, Wang et al.
reported bi-metallic catalysis composed of CuO with gold and platinum for the catalytic
oxidation of alcohols, because CuO alone cannot catalyze the oxidation reaction since the
adsorption of alcohols onto the CuO surface was too weak and could not activate the O,
molecule [8]. Due to this reason, they examined the catalytic activity of a bimetallic catalyst
composed of gold nanoparticles supported on copper oxide for oxidation of alcohols. In
another report, Poreddy et al. investigated the highly selective oxidative dehydrogenation
of benzylic, alicyclic, and unsaturated alcohols using CuO nanoparticles in an N-cyclohexyl-
3-aminopropane sulfonic acid buffer solution under air conditions [9]. They suggested
a possible reaction mechanism for oxidative dehydrogenation was involved, through a
-H elimination step. However, for oxidation reactions, one or more equivalents of such
relatively expensive oxidizing agents are an important factor in limiting their usage in
the industry today. In addition, problems relating to decay and plating on reactor walls,
and handling, recovery, and reuse of the catalyst represent serious process limitations [10].
Therefore, it is very urgent to replace stoichiometric oxidants with alternative, cheaper,
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more sustainable catalysts, and methodologies required to mimic nature have gained much
interest. Our interest is in the selective oxidation of alcohols into carbonyl compounds
using non-noble metal catalysts. Thus, copper oxide nanoparticles have gained much
attention in recent years because of their advantages as being less toxic and cheaper for the
oxidation of alcohols under mild reaction conditions.

CuO is widely used as the cheapest metal oxide in the field of catalysis [11], super-
conducting materials [12], gas sensors [13], photoconductive and photothermal applica-
tions [14], semiconductors [15], solar energy transformation [16], thermoelectric materi-
als [17], and as rocket-propellant combustion catalysts [18]. With the outstanding catalytic
property of CuO as a catalyst in various fields, we attracted to design a new catalytic system
that is composed of CuO-NPs embedded in graphene oxide (GO) nanolayers [19].

Here, we report a highly efficient, aerobic catalytic reaction system in O, atmosphere
for the conversion of alcohols into carbonyl compounds. In situ generation of CuO nanopar-
ticles and intercalated with GO layers to produce a novel heterogeneous catalyst as a
CuO@GO. In the literature, the CuO nanoparticles were used for the oxidation of alcohols
into carbonyl compounds, but it provided poorer yields. To reach fast reaction times,
higher yields, catalyst recyclability, and to stop generation of toxic wastes, we developed an
alternative robust nanocatalytic system such as CuO@GO [20]. Furthermore, CuO@GO is a
highly stable and reusable catalyst. CuO nanoparticles have proved to be an attractive cata-
lyst in many useful organic transformations including oxidations, cyclization, C-N bond
formation, etc. [21-23]. The present work was inspired by our previous research reports on
the aerobic oxidation of alcohols mediated by Pd/AIOOH heterogeneous catalyst [24,25],
as shown in Figure 1.

Stage 1. Synthesis of Graphene Oxide(GO)

Removal of
metal ions
& add DI
water

Cu0@GO

Isopropanol

Reflux

Stage 3. Oxidation of alcohols into carbonyl compounds using CuO@GO

OH
CuO@GO, O, |

R H 80 °C, toulene R H
R= aryl, cyclohexyl, anthryl, & heteroaryl

Figure 1. Synthesis of GO, CuO@GO, and oxidation of alcohols into carbonyls (Stages 1, 2 & 3).
2. Results and Discussion
2.1. FT-IR Spectroscopy

The FT-IR spectrum of GO and CuO@GO is in good agreement with reported literature,
as shown in Figure 2a. In particular, the characteristic peaks of GO at 3424 cm~! for hy-
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droxyl (-OH), 2890 cm~! for methylene (CHj), 1741 em~ !, and 1564 cm ! for carbonyls (CO,
and COOH), 1211 cm~ 1 for alkoxy (-COC-), and 1072 cm~ ! for-CH groups [26,27]. Next, the
Cu(OAc);-HyO was reduced into CuO NPs, and simultaneously coordinated with the -CO-
and -COOH groups of GO nanolayers. The vibrational bands of CuO@GO at 3450 cm ! and
3350 cm ! corresponded to the hydroxyl (-OH) of COOH and Cu-OH [28,29]. The stretch-
ing bands were at 2892 cm ™! for the methylene (CH,) group, 1732 cm ! and 1626 cm™!
for carbonyl (-CO-) from GO, 1573 cm™~! from the Cu-O stretching band, 1424 cm~! for
-CH, 1342 cm ! for Cu-O bending, 1212 em~! for COC, 1076 cm ! for -CH- bending, and
at 635 cm~!for Cu-O bending peaks [30]. All the new peaks in CuO@GO moved ~2 to
3 units, due to the formation of coordination Cu(Il) ions with GO nanolayers. These results
suggested that the CuO was strongly exfoliated within GO nanolayers.
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Figure 2. (a) FT-IR spectra for GO and CuO@GO; (b) XRD spectra for GO, CuO, and CuO@GO;
(c) Raman spectra of CuO@GO.

2.2. XRD Spectroscopy

The typical XRD patterns of CuO-NPs, GO, and CuO@GO are depicted in Figure 2b.
The XRD pattern of GO is amorphous, CuO nanoparticles are found as crystalline, whereas
as-synthesized CuO@GO nanocomposites were semi-crystalline in nature. The XRD spec-
trum was indistinguishable from that of pure CuO, representing the establishment of
single-phase CuO nanoparticles by a monoclinic structure (JCPDS-05-0661) [31]. In the
present work, the 26 values of 35.7 (110), 38.9 (-111), 42.1 (111), 52.9 (-202), 56.9 (0.20),
61.7 (202), 65.5 (-113), 69.4 (-311), and 71.5 (220) were allocated to the reflection lines of
monoclinic CuO-NPs. The results have been established to agree with the reported diffrac-
tion pattern of CuO NPs prepared by Zang et al. [30]. It can be seen that there were two
distinct diffraction peaks that appeared as a broad hump and sharp peak at 26 values of
10.78 belonging to the (002) plane of GO, and interlayer spacing was much larger than
that of GO layers due to the introduction of CuO within the GO sheets. Next, the XRD
pattern of CuO@GO showed a similar pattern to in a water isopropanol system, and the 26
values were observed at 10.75 (002), 36. those of the CuO-NPs monoclinic phase (PCPDS
80-1268) [32,33]. The reflection peak at 10.7 26 (002) indicated that GO exfoliated strongly
within the GO sheets, owing to the invasion of CuO NPs [31,32]. The peaks pattern demon-
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strated that CuO@GO can be successfully achieved 16 (110), 39.19 (-111), 42.42 (111), 52.3
(-202), 57.88 (020), 61.6 (202), 64.8 (-113), 69.44 (-311), and 71.3 (220). The peaks were moved
from 0.2 to 0.28 units, and the representative signal of GO at 10.78 (002) disappeared and
transformed into a broad hump with minor reflection peaks. Furthermore, the composition
of the CuO@GO nanocomposite catalyst was further described by Raman spectroscopy to
verify the GO support, as shown in Figure 2c. The G line (first-order scattering of the E2g
phonons of sp? orbital) at 1595 cm~!, and D line (k-point phonons of Alg symmetry) at
1350 cm ! are clearly acquired for the CuO@GO nanocomposite catalyst nanocomposite
catalyst as specific characteristics of GO [33]. The obtained CuO@GO nano catalyst is
showed superior catalytic activity due to the presence of CuO nanoparticles anchored
within GO layers for enhancing the catalytic activity of oxidation of alcohols to ketones in
high yields.

2.3. XPS Analysis

Figure 3 showed the XPS spectra of GO, CuO-NPs, and CuO@GO. As can be realized
from the spectra, the XPS survey scans of clean GO showed binding energies that showed
the characteristic peaks of carbon and oxygen only. The observed Cls peaks assigned to
C-C (284.75 eV), C-O (286.28 eV), and C=0 (288.52 eV) functional groups presented in GO
agree with the literature, see Figure 3a [34]. The C-O and C=0 peaks were associated with
hydroxyl and carboxylate groups which were presented in the GO. The C=0 group may
be seen due to the carbonyl and carboxylate groups present in the GO. The Cu 2p core-
level spectrum in Figure 3b represents two strong peaks which were located at 933.4 and
954.2 eV, conforming to the Cu 2p3/? and Cu 2p'/?, respectively. These values were well
matched with the data described for the Cu(2p) in CuO [35]. Figure 3c demonstrates that
the Cu 2p®/2 spectrum showed that the Cu?* peak lies at 932.4 eV, through two shake-up
satellites 7.2 and 9.8 eV higher in binding energy than that of the main peak [36]. The
major XPS peaks of CuO@GO appeared at 954.3 eV for Cu 2p3/2 and 933.4 eV for Cu 2p!/?,
along with minor peaks at 959.02 eV and at 940.7 eV for CuyO, respectively. In addition,
there were still minor energy peaks found at 963 eV and at 944.18 eV, which correspond to
traces of Cu(OH), within the matrix. The surface property of CuO/CuO-GO nanoparticles
was studied by XPS analysis. The Cu 2p>/2 core level was employed to investigate Cu
surface oxidation. Figure 3d shows the main and the satellite peaks of Cu 2p>/? and Cu
2p'/2 of the samples. These spectra are normalized based on the intensity of the main
peak of Cu 2p3/2. Copper oxide can exist in two semiconducting phases, namely cupric
oxide (CuO) and cuprous oxide (CuyO). The broad Cu 2p3/ 2 peak has been deconvoluted
into two peaks, which are marked as CuyO or Cu and CuO, respectively. Cu and Cu,O
cannot be resolved by this deconvolution. because their binding energies are very close
and are different by only 0.1-0.4 eV. Therefore, Cu(l) existed in the XPS spectra. Next,
the C1s binding energy peaks were assigned to the C-C (284.8 eV), C-O (286.5 eV), and C=0
(288.6 V) functional groups presented in GO. The XPS results justified that the CuO@GO
were strongly composed of CuO and GO. The strong shake-up satellites recorded in the
CuO sample confirmed that Cu metal showed a Cu*? oxidation state and ruled out the
possibility of the existence of a CuyO phase [37]. In addition, a relatively narrow boning
peak at 531.98 eV represented the presence of O1S!/? transition in CuO@GO. This transition
appeared to arise mainly the CuO phase is probably shown in three kinds of oxygen
constituents, namely O-Cu, HO-Cu, and surface oxygen (O-surface), with binding energies
of 529.1, 530.6, and 531.5 eV, correspondingly [36].
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Figure 3. Cls spectra of GO (a); CuO (b) and CuO@GO (c,d).

2.4. TEM, and SEM Analyses

TEM and SEM analyses were used to assess the surface morphology, actual size, and
shape of GO, CuO-NPs, and CuO@GO, respectively, as shown in Figure 4. Mainly, Figure 4a
shows few-layered GO nanosheets with smooth surfaces and wrinkles. The CuO-NPs were
anchored on/in GO nanosheets through a chelation process by coordinate covalent bonds.
Next, the CuO NPs were consistently deposited on the GO nanosheets with a strong binding
effect of oxygen-containing groups, as shown in Figure 4b [38]. In addition, the inset image
strongly supports the spherical-shaped CuO NPs on GO (CuONPs@GO), Figure 4c.

‘f‘*evv)‘la\‘yer-é‘d'GO e 3 B GO o - pw CuO:NPs @ GO .

CuO.NPs @GO

Figure 4. TEM and SEM micrographs of CuO-NPs on GO (a) few-layered GO sheets (0.1 pm);
(b) CuO@GO (0.1 um); (c) inset image of CuO on GO (10 nm); (d) pure-layered GO sheets (10 pm);
(e) magnified layered GO sheets (5 um); (f) dense CuO@GO (1 pum).

As shown in Figure 4d,e, the FE-SEM analyses confirms the successful formation
of the CuO@GO nanocomposites. The results are on par with earlier publications in
similar fields [30]. The surface morphologies of the CuO@GO sheets have crumpled
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paper-like GO sheets, with few-to-several layers and air gaps, as shown in Figure 4d,e.
In addition, CuO NPs were strongly anchored through C=0, COOH, and OH functional
groups of GO nanosheets. In CuO@GO, particles of CuO with uniform size are selectively
grown and uniformly distributed on the GO sheets, as shown in Figure 4f. In addition,
an agglomeration of CuO nanoparticles with ionic clusters was found on the surface of GO
nanosheets due to ionic linkages between CuO NPs. Furthermore, the uniform distribution
and strong attachment of CuO nanoparticles on single or few-layered GO sheets can
enhance the catalytic activity and reusability of CuO@GO without leaching of CuO while
oxidating alcohols [39].

2.5. Screening of CuO@GO for the Oxidation of p-Methyl Benzyl Alcohol to p-Methyl
Benzaldehyde

The optimized reaction conditions were established for the formation of carbonyl
compounds from alcohols using CuO@GO by varying catalyst mole ratios at different
periods and temperatures. Thus, the ideal reaction conditions are 1.0 mmol of alcohol
and 0.2 g of CuO@GO under oxygen conditions at 80 °C in toluene for 6 h. The efficacy
of CuO@GO for the oxidation of p-methyl benzyl alcohol to p-methyl benzaldehyde was
examined in comparison with different mole ratios of CuO@GO catalyst (Table 1). Here,
in the primary experiment, we made an attempt at an oxidation reaction using GO as
a catalyst in toluene with O, atmosphere, no product yields were found after 10 h, and
we recovered starting materials (entry 1). Next, we studied similar oxidation reaction
conditions using 5 mol % of CuO-NPs and showed 78% yield for 6 h in O, (entry 2). It is
worth mentioning that the oxidation process was gradually accelerated while increasing
the mol % of CuO@GO from 0.5 to 2.0 in high yields (entries 3-5). The highest conversion of
p-methyl benzyl alcohol to p-methyl benzaldehyde was found using 2 mol % of CuO@GO
(entry 6), and no higher oxidation conversion occurred, even after 3 mol % of catalyst used
(entry 7). Next, PAO/CuO-Y, MES-CuO, and Com-CuO showed poorer yields compared
to the CuO@GO with 3 mol % and prolonged reaction times (entries 8 to 10), respectively.
Next, the CuO@GO catalytic activity was demonstrated and obtained best results, as
indicated by the high TOF (2.56 x 1073 mol g_1 min~1). This result is in agreement with
our working hypothesis that most surfaces of these attached CuO NPs on GO nanosheets
are exposed to the reaction environment. Hence, higher catalytic activity was observed
with the CuO@GO nano sheets catalyst. These results show that this method is superior
to the other methods in terms of yield and reaction time. In conclusion, CuO@GO with
2 mol % has shown the highest conversion ability for the oxidation reaction due to strong
depositions of CuO on the GO nanosheets.

Table 1. Catalytic oxidation of p-methyl benzyl alcohol into p-methyl benzaldehyde under various
conditions [al.

. . TOF
Entry Catalyst If:l(g/o I;:;?I[(;lr; COF,ZTTS]I on Yield [%] ] (7 X 10T37 »
mol.g~L.min—1)

1 GO 5 4(10) <00 00 0.0

2 CuO-NPs 5 4(6) 75(78) 66 0.7

3 CuO@GO 0.5 4(6) 78(83) 69 1.16

4 CuO@GO 1.0 4(6) 84(87) 73 1.54

5 CuO@GO 1.5 4(6) 93(95) 85 1.93

6 CuO@GO 2.0 4(6) 98(98) 96(97) 2.56

7 CuO@GO 3.0 4(6) 98(99) 96(97) 2.59

8 PdO/CuO-Y 2.0 1 70 70 ld] 1.22

9 MES-CuO 3.0 24 71 71 el 1.22

10 Com-CuO 3.0 24 69 68 lel 1.15

[al Reaction conditions: A solution of p-methyl benzyl alcohol (1.0 mmol) in toluene (10 mL) was heated in the
presence of catalyst 2 mol % of CuO@GO at 80 °C, 1 atm of O, for 6 h. [Pl Determined by GC and '"HNMR
using TMS an internal standard. [] Isolated yields. [4! Value in the parentheses is reaction times at 6 h and their
corresponding yields. [¢ ¢ fl References [40-42].
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Figure 5 shows the CuO@GO catalyst’s selectivity and recyclability. In addition, it
can be recovered by filtration or decantation methods to save the catalyst (Table 2). To
the best of our knowledge, CuO@GO is the first recyclable catalyst for the oxidation of
various alcohols into corresponding carbonyl compounds in toluene at 80 °C for 6 h. Until
the fourth cycle, the catalytic activity remains active, owing to the strong dispersion of
the CuO@GO in toluene solvent as shown in Figure 5a. The proposed CuO@GO catalytic
system has been improved quantitatively by a simple percolation, and recycled with
reliable actions even after the fourth cycle. These results were attractive for the oxidation of
alcohols into corresponding carbonyl compounds using CuO@GO. After the completion
of the oxidation reaction, the leaching of CuO@GO was tested by ICP-AES. A moderate
decrease in the catalytic efficacy of recovered CuO@GO may be due to the loss of catalysts
during centrifugation and handling. However, after the fourth recycle, the catalyst activity
gradually decreased due to the leaching of CuO in pg/mL of CuO@GO nanosheets, which
can reduce the dispersibility within toluene, as shown in Figure 5b [43].

0.035
1(030) [ Recyclability Cycles (b) Il Leaching cycles 0.032
1 9
9“4 o1 g 0.030-
80 0.025 4
67 -
g 60 g 0.020 0.017
2 54 = .
> 5 0015 0015 0016
R = 0.015
40 ©
0.0104
201 0.005 -
0. 0.000

3 4
No of cycles

3 4
No of Cycles
Figure 5. (a) Recycling and (b) leaching process of CuO@GO during oxidation process.

Table 2. Recycling of CuO@GO for the oxidation of p-methylbenzyl alchol [2].

Use T[°C] T [h] Yield [l Efla(‘;h;‘g‘fni’f
1 80 6 9% 0.015
2 80 6 94 0.015
3 80 6 91 0.016
4 80 6 89 0.017
5 80 6 67 0.025
6 80 6 54 0.032

[l A solution of p-methyl benzyl alcohol (1.0 mmol), in toluene (5 mL) was heated at 80 °C in the presence of
CuO@GO under 1 atm of O, for 10 h. [Pl Determined by GC. [! Isolated yields.

Table 3 shows the oxidation methodology of various alcohols such as aryl, substi-
tuted aromatic, cyclic aliphatic, and hetero aromatic alcohols to produce the corresponding
carbonyl compounds in good to excellent yields. P-methyl benzyl alcohol was oxidized
to obtain corresponding p-methyl benzaldehydes with a 93% yield in 4h (entry 1). Care-
ful examination of the oxidation process revealed that the presence of electron-rich and
electron-deficient groups does not show a significant effect on the aromatic ring; the oxida-
tion reactions of benzyl alcohol (94%) were similar to those of 4-hydroxy benzyl alcohol
(92%), and 4-nitrobenzyl alcohol (94%) (entries 2, 3 and 4) and anthracene-9-methanol to
the corresponding aldehyde; i.e., anthracene-9-carbaldehyde in 95% yield (entry 5) and
cyclopentanone were yielded at 88% after the smooth oxidation of cyclopentanone (entry 6).
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Table 3. Catalytic oxidation of various alcohols into carbonyl compounds using CuO@GO [21.

1 ] [b, cl
Reaction Product Yield

1
Time %) H NMR (300 MHz, CDCl3, § ppm)

Entry Substrate

93(98) [dl

4-Methylbenzyldehyde (entry 1):
10.01 (s, 1H, CHO), 7.73 (d, 2H, aryl),
7.24 (d, 2H, aryl), 2.45 (s, 3H, CH3).

94(99) [dl

Benzaldehyde (entry 2): 9.91 (s, 1H,
CHO), 7.7-7.51 (m, 5H, aryl).

92(98) [dl

4-Hydroxybenzaldehyde (entry 3):
9.86 (s, 1H, CHO), 7.82 (d, 2H, aryl),
6.98 (d, 2H, aryl), 6.52 (brs, 1H, OH).

94(98) [dl

4-Nitrobenzaldehyde (entry 4): 10.17
(s, 1H, CHO), 8.35 (d, 2H, aryl), 8.10
(d, 2H, aryl).

6.5

95

(entry5), 9-Anthraldehyde (entry 5)
10.9 (s, 1H, CHO), 8.87 (dd, 2H, CH,
aryl), 8.52 (s, 1H, CH, aryl), 7.93(q,
2H, aryl), 7.46 and 7.50 (m, 4H, CH,
aryl).

88(95) [l

Cyclopentanone (entry 6): 2.12 (t, 4H,
COCHy), 1.97 (m, 4H, CH,CHy);

92(97) [dl

Acetophenone (entry 7): 7.97 (d, 2H,
aryl), 7.56 (t, 1H, aryl), 7.46 (t, 2H,
aryl), 2.60 (s, 3H, COCH3);

OH

H3C

O

CHj

94(98) [dl

4-Methylacetophenone 5 (entry 8):
7.54 (d, 2H, aryl), 6.6 (d, 2H, aryl),
2.65 (s, 3H, COCH3); 2.55 (s, 3H,
CH);

]

NH
o
N OH

91

1H
Benzo[d]imidazole-2-carbaldehyde
(entry 9): 9.82 (s, 1H, CHO), 7.62-7.22
(m, 4H, CgHy), 4.9 (br s, 1H, NH);

NH CHg
(3
N OH

90

1-(1H-Benzo[d]imidazol-2-
yl)ethanone (entry 10): 10.1 (br's, 1H,
NH), 7.90 (d, 1H, C¢Hy), 7.5 (d, 1H,
CgHy), 7.41-7.35 (m, 2H, CgHy), 2.8 (s,
3H, COCH3);
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Table 3. Cont.

Entry Substrate

Reaction Yield [P 1
Time Product %) H NMR (300 MHz, CDCl3, 6 ppm)

Hy 1-(1-Methylbenzo[d]imidazol-2-
yl)ethanone (entry 11): 7.88 (d, 1H,

(0]

/CH3 C
N CH3 N/ CH3
11 8 90 CgHy), 7.43 (d, 1H, C¢Hy), 7.37 (m,
N/>_<O N/> < 2H, C¢Hy), 4.1 (s, 3H, NCH3), 2.83 (s,
H

3H, COCHs);

Ph 1-(1-Benzoylbenzo[d]imidazol-2-
yl)ethanone (entry 12): 8.08 (d, 1H,
9 N CHy 89 CgHy), 7.69 (d,1H, C¢Hy), 7.63-7.60
@[ H (m, 2H, CgHy), 7.49-7.42 (m, 5H, CO

Nooo CgHy), 2.72 (s, 3H, COCH C¢Hy);

[al Oxidation reactions were performed at 1 atm O, using 1.0 mmol of substrate in 5 mL of toluene. [’ Isolated
yields. [! The compounds were determined by "HNMR analyses. [ GC Conversion.

Next, we investigated the oxidation of secondary alcohols using CuO@GO. As can
be seen, the oxidation of 1-phenyl ethanol and 1-(4-methyl phenyl) ethanol also un-
derwent efficient oxidation to produce respective carbonyl compounds in high yields
(92% and 94% (entries 7 and 8)). Next, we investigated the efficiency of CuO@GO for
the oxidation of heterocyclic fused-ring aromatic alcohols. For example, the oxidation
of (1H-benzo[d]imidazole-2-yl) methanol was converted into its oxidized product of
(1H-benzo[d]imidazole-2-yl)methanone in a good yield (~91%) (entry 9). Interestingly,
CuO@GO is also highly dynamic for the oxidation of 2-hydroxyethyl benzimidazole [24-37],
and its n-methyl analogs produce their carbonyl counterpart in high yields (~90%)
(entries 10 and 11). Furthermore, the oxidation was strongly affected by the steric bulkiness
of the N-phenyl methanone-2-hydroxy ethyl benzimidazole to the corresponding ketone in
good yield (89%) (entry 12) [24,29,40-45]. Using CuO@GO as a catalyst, higher yields were
obtained from N-substituted benzimidazole into corresponding ketones over conventional
methods [46-53]. It was apparent that the catalyst CuO@GO can accelerate oxidation
reaction in high yields.

3. Experimental Section
3.1. Materials, Methods, and Characterization

All the reagents are analytical grade and were used without further purification.
High-purity natural graphite (99%, average size 200 um) was purchased from Infrazone,
Seoul, Korea. The copper (II) acetate, sodium nitrate, sulfuric acid, hydrogen peroxide,
and all the reagents at analytical grade were procured from Aldrich Chemical Co., St.
Louis, MO, USA, and used without further purification. The numerous functional groups
present on the CuO-NPs, GO, and CuO@GO were measured using a Nicolet 6700 FT-IR
spectrophotometer, Madison, WI USA. Diffraction data was acquired by a Rigaku high-
power X-ray, diffractometer, Wilmington, MA, USA. TEM measurement is executed using
JEOL, high-resolution transmission electron microscope (HRTEM) by spurt voltage of
200 kV, Pleasanton, CA, USA; specimens were arranged by depositing a drop of trial
dispersion on 300 mesh carbon-coated Cu grids. Specimen morphologies were determined
using Hitachi cold FE-SEM at 10 kV, Tokyo, Japan. XPS analysis was performed on a
K-alpha analyzer (Thermo Fisher Scientific, Waltham MA, USA). Melting points were
measured on an electrothermal 9100 apparatus. The contents of Cu in the synthesized
CuO@GO were determined using Leeman Prodigy Spec inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Leicestershire, UK) and an elemental analyzer (Vario EL
III, Vienna, Austria). To measure the CuO@GO weight loss, the samples were placed and
heated at a rate of 10/min from 30 °C to 700 °C, and Cu ions were analyzed by ICP-AES.
Products were characterized by comparison with authentic samples, and spectroscopic
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data. THNMR spectra were recorded on a Bruker 300 MHz spectrophotometer, (San Jose,
CA, USA) in CDClj3 using TMS as an internal standard.

3.2. Synthesis of Graphene Oxide (GO)

GO was prepared from natural graphite using the well-known Hummer method with
minor alterations. In a dry 250 mL of 3 neck beaker, 2.0 g of natural graphite was added,
followed by 1.0 g NaNO3 and 46 mL of HySOy4, while stirring in an ice bath. Subsequently,
6.0 g of KMnO, were gradually added to the beaker while stirring at 20 °C. After 4 min,
the ice bath was removed, then the reaction mixture was maintained at 35 °C for half an
hour, and subsequently 92 mL of DI water was added slowly to the reaction pot, and then
stirred for another 15 min. Subsequently, 80 mL of hot water and 20 mL of 30% H,O,
at 60 °C were added to reduce the residual KMnOy, and the product was stirred till no
bubbles appeared. To end, the reaction mixture was centrifuged at 10,000 rpm for about
30 min. The supernatant was discarded and obtained. The wet cake was washed with
warm water until the pH was ~7. The acquired yellow-brown slurry cake was re-dispersed
in DI water, and bath-sonicated for 30 min. The GO powder was collected after drying the
suspensions at 60 °C.

3.3. Synthesis of CuO-NPs

In this procedure, a solution of Cu(OAc);-2H,0 (20 mL, 0.25 M) was made into alkaline
by the addition of ammonium hydroxide (NH4OH), subsequently, the reaction mixture
was converted into a deep-blue color. Next, a solution of SLS in ethylene glycol (EG)
(10 mL, 0.01 M) was added and agitated for 15 min. Next, glucose (2.5 g) was added and
heated to 75 °C while stirring. When the color of the solution changed from blue to golden
yellow, 5 vol% of sulfuric acid was added to neutralize the reaction mixture. Lastly, the
brown solution was cooled to attain a cuprous oxide nanoparticles fluid; the supernatant
liquid was decanted after centrifugation at 8000 rpm to acquire solid CuO nanoparticles
(CuO NPs).

3.4. Synthesis of CuO@GO

Nanocomposites with different mass ratios of CuO@GO were synthesized. The mass
of CuO was determined by the Cu(OAc), rendering to the hydrolysis reaction. Allowing
for the yield percentage of CuO in the authentic procedure, Cu(OAc),-H,O was reserved
in considerable excess. In the typical route, 0.05 g of dried GO was suspended in 50 mL
of isopropanol and sonicated for 30 min to give a brown dispersion. The resulting ho-
mogeneous dispersion was mixed with 0.07 g of Cu(OAc),;-H;O in a three-neck RBF, and
equipped with a reflux condenser. The mixture was heated to approximately 82 °C with
vigorous stirring and maintained for 2 h. Then, 5 mL of DI water was quickly introduced
into the reaction pot, and the mixture has been heated at 83 °C for an additional 30 min.
During this procedure, the deep-brown colored dispersion was slowly turned into a black
color. Afterward, the reaction pot was allowed to room temperature. The as-synthesized
CuO@GO nanocomposites were centrifuged, washed with fresh ethanol several times until
removed from occluded water, and dried at 60 °C in a hot-air oven overnight.

3.5. General Oxidation Protocol

In the typical oxidation reaction, the CuO@GO (70 mg, 2 mol %) was re-dispersed in
10 mL of toluene assisted by ultra-sonication, followed by the addition of starting alcohol
(1 mmol) and anisole (0.1 mmol). Superior dispersions were obtained for the CuO@GO as
compared to GO due to strong intercalation of GO nano sheets by invasion of CuO NPs.
The tube holding the reaction mixture was associated with a reaction station which was
provided by stirring and heating at 80 °C for 6h. The reaction was carried out under 1 atm
of the O, balloon as the oxidant. After the disappearance of starting material, methylene
chloride (15 mL) was added to the flask, and the reaction mixture remained filtered using
a sintered glass funnel. The residue was gently washed with extra-methylene chloride
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(2 x 10 mL), followed by saturated NaCl solution (50 mL), and dried over anh. MgSO,
and solvent were evaporated on a rotary evaporator. The crude product was purified by
column chromatography using a mixture of ethyl acetate and n-hexane (1:4 v/v) as an
eluent. All the products were analyzed using "HNMR spectroscopy.

3.6. ICP-AES Analysis

The CuO@GO was dissolved in a suitable solvent and used for ICP-AES analysis. It is
similar to XRF sample preparation, and was developed to avoid dealing with hydrofluoric
acid in the shipboard environment. A dried CuO@GO was powdered by crushing the
sample between two plastic disks in a hydraulic press. Powder was produced by grinding
pieces <1 cm in diameter in a Spex Shatterbox 8530, using a tungsten carbide grinding
vessel. Characteristically, 0.1 g of CuO@GO was mixed with 0.4 g ultrapure-grade LiBO,
flux and LiBr wetting agent in a Pt-Au crucible. This mixture was fused at 1050 °C for
10-12 min. After the bead cooled, and it was dissolved in HNOj3. A small amount of filtered
solution was diluted by additional HNOs3. This method was superior and gave good results
in a stable sample solution.

4. Conclusions

In conclusion, we have established an easy and highly efficient method for the oxida-
tion of alcohols into carbonyl compounds in good-to-excellent yields using a recyclable
CuO@GO heterogeneous catalyst. Mainly, Cu atoms are anchored to the oxygen functional
groups of GO, such as -OH, COOH, and CO. We found this catalyst to be highly active
and stable even in an O,-rich reaction atmosphere under variable load conditions and
temperatures up to 80 °C. In addition, it is highly selective (98%) for the oxidation of
alcohols into ketones in the presence of up to 90% O; in the gas feed. After completion
of the reaction, the catalyst was separated easily by centrifugation followed by filtration
for reusability. Then it was reused in four consecutive cycles. The leaching experiments
evidenced that the catalyst activity remains strong until the fourth re-use cycle, due to
the strong dispersibility of the catalyst. In addition, TOF showed superiority compared to
CuO NPs-based catalysts. The green chemistry protocol can strongly eradicate the use of
hazardous solvents, expensive catalysts, and long reaction times. In addition, it can reduce
the experimental cost and be commercially viable to bulk production. This method should
be applicable for the oxidation of aromatic, aliphatic, and benzimidazolyl alcohols into
their corresponding carbonyl compounds in high yields. Mainly, the oxidation of state of
Cu metal in the active catalyst is as Cu*? and it can be strongly chelated with the host GO
nanosheets. Currently, our team is optimizing and expanding the scope of this oxidation
process and investigating its applications in other organic transformations.
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