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hell Fe3O4@Cu2O and
Fe3O4@Cu2O–Cu materials as catalysts for aerobic
oxidation of benzylic alcohols assisted by TEMPO
and N-methylimidazole†

Binyu Xu,a Samuthirarajan Senthilkumar,b Wei Zhong,*b Zhongquan Shen,b

Chunxin Lub and Xiaoming Liu *ab

In this work, core–shell Fe3O4@Cu2O and Fe3O4@Cu2O–Cu nanomaterials for aerobic oxidation of

benzylic alcohols are reported with 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) and N-

methylimidazole (NMI) as the co-catalysts. To anchor Cu2O nanoparticles around the magnetic particles

under solvothermal conditions, the magnetic material Fe3O4 was modified by grafting a layer of L-lysine

(L-Lys) to introduce –NH2 groups at the surface of the magnetic particles. With amine groups as the

anchor, Cu(NO3)2 was used to co-precipitate the desired Cu2O by using ethylene glycol as the reducing

agent. Prolonging the reaction time would lead to over-reduced forms of the magnetic materials in the

presence of copper, Fe3O4@Cu2O–Cu. The nanomaterials and its precursors were fully characterized by

a variety of spectroscopic techniques. In combination with both TEMPO and NMI, these materials

showed excellent catalytic activities in aerobic oxidation of benzylic alcohols under ambient conditions.

For most of the benzylic alcohols, the conversion into aldehydes was nearly quantitative with aldehydes

as the sole product. The materials were recyclable and robust. Up to 7 repeat runs, its activity dropped

less than 10%. The over-reduced materials, Fe3O4@Cu2O–Cu, exhibited slightly better performance in

durability. The magnetic properties allowed easy separation after reaction by simply applying an external

magnet.
1. Introduction

The selective oxidation of alcohols to aldehydes is an important
organic transformation in the pharmaceutical industry as well
as in other organic synthesis.1 Of the aldehydes, aromatic
aldehydes are oen used for the synthesis of drugs, vitamins,
dyes, spices, and resins and so on.2 To date, many homoge-
neous as well as heterogeneous catalysts have been developed
for the oxidation of alcohols to prepare aldehydes or ketones.3–7

Despite the progress achieved so far, the research in this area
remains intensive due to existing challenges in this conversion
such as harsh conditions, expensive metals, reusability of the
catalysts. In nature, copper-based catalysis plays vital roles in
biological systems.8 One of the examples is the copper-
containing enzyme, galactose oxidase (GOase), which catalyses
the aerobic oxidation of primary alcohols in some species of
ity, Nanchang, Jiangxi, China. E-mail:

d Engineering, Jiaxing University, Jiaxing,
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terials and TEMPOH. See DOI:

6150
fungi under physiological conditions.9 Tremendous efforts have
been taken to mimic the enzyme in both approaches, struc-
turally and functionally mimicking based on various copper
complexes.10–12 Homogeneous system reported by Semmel-
hack13 et al., Cu(I)/TEMPO (2,2,6,6-tetramethyl-1-piperidine-N-
oxyl), contributed signicantly to this copper-based catalysis.
Later on, Sheldon14 et al., Stahl and co-workers15–17 and other
research groups reported a wide range of homogeneous copper
catalysts which were based on the combination of various
nitroxyl radicals and ligands for the oxidation of various alco-
hols.18–20 Some of the catalytic systems showed promising
catalytic activity in aerobic oxidation of alcohols including
aliphatic alcohols.21,22 One such example was CuI/TEMPO/NMI
system which could effectively catalyse the aerobic oxidation
of 1-octanol.23 However, there have been disadvantages for these
systems one way or another, for example, tedious synthesis
when specic ligand is needed, problems in catalyst recovery
and reusability. To address these issues, a variety of heteroge-
neous catalysts supported on matrices have been developed. A
wide range of materials such as clay, zeolite, metal organic
frameworks, polymers, activated carbon, silicates, magnetic
materials etc., have been employed as such a matrix.24,25
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic route for the preparation of core–shell
nanomaterials.
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About two decades ago, a pioneering work by Ley et al.
demonstrated a polymer-supported perruthenate for the
aerobic oxidation of alcohols.26 Further, they found that meso-
porous silicate (MCM-41) could be an alternative support for the
catalyst.27 Polyoxometalates was also turned out a good carrier
to support palladium nanocatalyst for the aerobic oxidation of
secondary alcohols in aqueous medium and the catalyst was
recoverable.28 Polystyrene was reported as a matrix to support
gold–platinum nanoparticles for the aerobic oxidation of 1-
phenylethanol under mild conditions.29 Although the noble
metal catalysts such as Ru, Pt, Pd and Au supported on matrices
showed excellent efficiency and selectivity for this aerobic
oxidation,30 it is desirable to develop non-noble metal catalysts
in terms of both cost and sustainability. Recent developments
in this regard have suggested that employing non-precious
metals to assemble catalytic systems is possible. For example,
copper could be supported on MOF for aerobic oxidation of
alcohols under various conditions.31,32 Montmorillonite was
also used to support mettaloporphyrins (Co, Fe, Mn) for effi-
cient catalysis on the oxidation of both aromatic and aliphatic
alcohols.33

Transition metal oxides, on one hand, could be the matrix to
support catalysts. On the other hand, the metal sites of the
oxides could be promising catalysts with adjustable electronic
structures widely used in various organic transformations
involving electron transfer reactions.34,35 Albadi et al. reported
the rst row transition-metals and its oxides that could be able
to oxidize alcohols in presence of molecular oxygen under reux
conditions.36 For example, copper, the active site in galactose
oxidase catalysing aerobic oxidation of primary alcohols into
aldehydes, was employed in a number of heterogeneous cata-
lysts such as Au–CuO,37 CuO–rectorite,38 Cu–MnOx

39 and Cu–
TiO2 (ref. 40) which catalysed effectively the selective oxidation
of benzyl alcohols into aldehydes.

In viewing of the low cost of copper and its biological rele-
vance, cuprous oxide combining with its magnetisation was
considered to further to be exploited in heterogeneity as
heterogeneous catalysts. Of the many magnetic materials,41–44

Fe3O4 is the most favourable option due to easy functionaliza-
tion and low cost. Graing a layer of organic modiers or
inorganic linkers such as polymers, organosilanes, aminoacids
etc., onto its surface would help to protect the magnetite and
allow easy access for the coordination of metal catalysts.45–47

Fe3O4@Cu2O showed photocatalytic activity in degradation of
organic dyes as well as the synthesis of quinazolines.48,49

However, to our best knowledge, the employment of such
system in aerobic oxidation of alcohols into aldehydes have not
been reported. Being inspired by the copper chemistry on
aerobic oxidation of alcohols in biology and the easy recovery
property of the Fe3O4-based cuprous oxide, herein, we report the
preparation of Fe3O4@Cu2O as well as its over-reduced form,
Fe3O4@Cu2O–Cu, their characterisations and catalytic activity
on selective aerobic oxidation of benzylic alcohols into benzylic
aldehydes. With the presence of TEMPO and N-methyl-
imidazole (NMI), the materials could oxidise nearly quantita-
tively most of the benzylic alcohols examined in this work into
corresponding aldehydes at ambient temperature. The two
This journal is © The Royal Society of Chemistry 2020
materials exhibited easy separation and robustness. The loss in
converting yields for two materials were less than 10% up to 7
runs with the over-reduced catalyst showing slightly better
durability.
2. Results and discussion
2.1 Preparation and characterization of the nanomaterials

The preparation of core–shell nanomaterials is illustrated in
Scheme 1. First, Fe3O4 nanoparticles with hydroxyl groups on
their surfaces were graed with L-Lys to introduce –NH2 groups
that were used as anchors for the immobilization of the in situ
formed Cu2O nanoparticles. The formation of materials of
Fe3O4, Fe3O4-L-Lys and Fe3O4-L-Lys@Cu2O were stepwise
conrmed using FTIR spectroscopy as shown in Fig. 1. The
presence of hydroxyl groups on the surface of magnetite (Fe3O4)
was evidenced by the strong absorption peak at 3423 cm�1 and
a sharp peak at 616 cm�1 corresponding to the stretching
vibration of Fe–O bond as shown in Fig. 1b. The L-lysine
modied Fe3O4 was proved by the presence of a sharp peak at
1619 cm�1 (COO�), and a broad peak at 3435 (NH2) and
607 cm�1 (Fe–O), respectively, as shown in Fig. 2c. Finally, the in
situ formed Cu2O on the surface of L-lysine modied Fe3O4 was
conrmed by the presence of an additional sharp peak at
629 cm�1 which is assigned to the stretching vibrations of Cu–O
as shown in Fig. 2d. These results suggested that the in situ
formed Cu2O was successfully anchored to the surface of the
magnetic particles through the coordinating interaction of the
L-lysine with copper. EDX analysis showed additional evidence
for the presence of Fe, Cu, N, C, O in the core–shell Fe3O4@-
Cu2O nanomaterials and the weight of copper present in the
catalyst was about 49%, equivalent to 3.8 : 1 in molar ratio for
Cu : Fe (Table S1†).

The powder XRD patterns of the as prepared Fe3O4@Cu2O/
Fe3O4@Cu2O–Cu and the magnetic precursors are shown in
Fig. 2. The observed peaks for the formation of Cu2O@Fe3O4

nanomaterials at 4 h are clearly matched with the PDF Card No.
19-0629 of Fe3O4 and PDF Card No. 05-0667 of Cu2O nano-
particles, respectively. Furthermore, no other peaks are
observed around 20�, indicating that the products were purely
face-centred cubic Fe3O4 crystalline phase. Prolonging the
reaction time produced the over-reduced materials Fe3O4@-
Cu2O–Cu and Fe3O4@Cu, as indicated by the additional three
RSC Adv., 2020, 10, 26142–26150 | 26143
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Fig. 1 FT-IR spectra of (a) L-Lys, (b) Fe3O4, (c) Fe3O4–L-Lys and (d)
Fe3O4@Cu2O.

Fig. 3 SEM images of the as prepared Fe3O4 (a), core–shell Fe3-
O4@Cu2O (b), HR-TEM images of core–shell Fe3O4@Cu2O nano-
material (c–e) and particle size distribution analysis for the core–shell
Fe3O4@Cu2O nanomaterial (f).
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diffraction peaks (Fig. 2, c–g) which belong to the planes of
a cubic phase of Cu crystals (PDF Card No. 04-0836). Quantita-
tive analysis to determine the ratio of Cu/Cu2O was carried out
using calibration curve (Fig. S1†) established by employing the
peak intensities at 36.4� and 43.3� from the powder XRD spectra
of the standard samples, mechanically mixed Cu2O with Cu at
various ratios. For example, the ratios of Cu/Cu2O were esti-
mated as 0.32 mol% and 1.01 mol% for Fe3O4@Cu2O-5 and
Fe3O4@Cu2O–Cu-7 materials, respectively (Table S2†), which
suggest that the content of Cu increased continuously as the
reaction time increased.

As shown in Fig. 3a, Fe3O4 exhibited a rough surface of many
irregular spherical structures with an average diameter of
385 nm that changed remarkably aer the deposition of Cu2O,
Fig. 3b. The TEM images of the nanomaterial reveals much
ordered structures of core–shell Fe3O4 which was surrounded by
a layer of Cu2O nanospheres with an average thickness of
Fig. 2 Comparison of p-XRD spectra of Fe3O4 (a), Fe3O4@Cu2O ((b), 4
h), Fe3O4@Cu2O–Cu nanomaterials ((c), 5 h; (d), 7 h; (e), 9 h; (f), 12 h)
and Fe3O4@Cu ((g), 24 h).

26144 | RSC Adv., 2020, 10, 26142–26150
150 nm, Fig. 3c and d. The HR-TEM images conrm the coex-
istence of Fe3O4 and Cu2O (Fig. 3e) in which the pattern
corresponds to the planes of Fe3O4 (220) and Cu2O (111),
respectively. Moreover, the core–shell Fe3O4@Cu2O nano-
material has an average diameter of about 700 nm that can be
evidenced from the particle size distribution shown in Fig. 3f.
The average particle size of Cu2O in the nanospheres on the
Fig. 4 XPS spectra of core shell Fe3O4@Cu2O nanomaterial: (a) survey
spectrum; (b) Fe2p; (c) Cu2p; (d) Cu LMM Auger spectra.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Magnetization curves of Fe3O4 and Fe3O4@Cu2O.
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surface of the core–shell Fe3O4 was estimated as 16 nm by using
Scherrer's formula.42

In order to reveal the oxidation states of the components and
their interactions with each other, XPS study was carried out for
Fe3O4@Cu2O (Fig. 4a–c). In Fig. 4a, the presence of Fe, Cu and O
elements in the core–shell nanomaterials were conrmed. The
two bands at 711.4 and 723.7 eV shown in Fig. 4b are assigned to
Fe2p3/2 and Fe2p1/2, respectively, corresponding to Fe2+ (FeO)
and Fe3+ (Fe2O3) peaks.45 Intense core-level lines of Cu are
shown as a Cu2p doublet (Cu2p1/2 and Cu2p3/2) between 920–
970 eV (Fig. 4c). It shows two distinct peaks at 952.2 eV and
932.2 eV belonging to Cu2p3/2 and Cu2p1/2 of cuprous oxide,
respectively.48 There is a main peak at 532 eV assigned to the
lattice O in cuprous oxide. The existence of cuprous oxide was
also proved by Auger spectroscopy,18 showing a sharp peak in
Cu LMM triplet kinetic energy at 570.2 eV. Also, the
Table 1 Optimization of the reaction conditions for the aerobic oxidatio

Entry Catalysts TEMPO (mm

1 — —
— 0.25

3 Fe3O4 0.25
4 Fe3O4@Cu2O 0.25
5 Cuc 0.25
6 Cu2O

d 0.25
7 Fe3O4@Cu2O 0.25
8 Fe3O4@Cu2O 0.25
9 Fe3O4@Cu2O 0.25
10 Fe3O4@Cu2O–Cu-5 0.25
11 Fe3O4@Cu2O–Cu-7 0.25
12 Fe3O4@Cu2O–Cu-9 0.25
13 Fe3O4@Cu2O–Cu-12 0.25
14 Fe3O4@Cu 0.25
15 Fe3O4@Cu2O

f 0.25

a Reaction conditions: alcohol (5 mmol), catalyst (15 mg), TEMPO (0.25 m
coding, the suffix number x of the codes (entries 10–13) in Fe3O4@Cu2O–C
analysis. c 0.14 mmol. d 0.07 mmol. e Yield at 12 h. f At 82 �C for 12 h.

This journal is © The Royal Society of Chemistry 2020
characteristic peaks for the Fe3O4 and Cu2O in the over-reduced
catalyst of Fe3O4@Cu2O–Cu-7 was clearly coincident with the
XPS data of Fe3O4@Cu2O. In addition to those commonly
observed peaks, a peak of weak intensity at 918.7 eV showed the
existence of metallic Cu in the nanomaterial of Fe3O4@Cu2O–
Cu-7 (4).

The magnetic properties of the core–shell Fe3O4@Cu2O and
its precursor was measured via the vibrating sample magne-
tometer (VSM). Fig. 5 shows the magnetic hysteresis curves of
the Fe3O4 and core–shell Fe3O4@Cu2O nanomaterials, the
saturation magnetization (Ms) values are 72.1 emu g�1 and 22.5
emu g�1, respectively. The low saturation magnetization value
for Fe3O4@Cu2O was due to the increased content of the Cu2O
nanospheres around the core–shell Fe3O4. This magnetic
property allowed its easy separation in performing catalysis
(Fig. 5, inset).
2.2 Catalytic activity on the aerobic oxidation of alcohols
and its possible mechanism

The aerobic oxidation of benzyl alcohol was chosen as a probing
reaction to investigate the catalytic efficiency of the core–shell
nanomaterials. The optimization studies were carried out with
various factors and the results are shown in Table 1. It was clear
that either NMI alone or its combination with TEMPO without
the core–shell materials did notmake the reaction proceed (Table
1, entries 1–4). In presence of copper catalysts such as Cu2O and
metallic copper along with NMI and TEMPO, the reaction
proceeds well and afforded good yields (Table 1, entries 5 & 6).
These results suggested that the copper catalysts played a major
role as an active site in the present catalytic system. Themagnetic
Fe3O4@Cu2O catalyst along with NMI and TEMPO yielded
quantitatively benzaldehyde as the sole product (Table 1, entry 7).
Replacing N-methylimidazole (NMI) with 1-butyl and 1-tert-
butylimidazoles did not affect substantially the yield but the
n of benzyl alcohola

ol) Ligand Yieldb (%)

NMI —
NMI 1
NMI 1
— 1
NMI 94
NMI 90
NMI 80e/>99
1-Butyl imidazole 99
1-tert-Butyl imidazole 96
NMI 78e/>99
NMI 68e/>99
NMI 51e/>99
NMI 46e/98
NMI 60e/91
NMI >99

mol), NMI (0.25 mmol), acetonitrile (5 mL), 25 �C, 18 h. For the sample
u-x denotes the reaction time in the catalyst preparation. b Results by GC

RSC Adv., 2020, 10, 26142–26150 | 26145
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Fig. 7 Reusability of Fe3O4@Cu2O (left) and reusability of Fe3O4@-
Cu2O–Cu-7 (right).

Table 2 Effect of solvents on the aerobic oxidation of benzyl alcohola

Entry Solvent Yieldb (%)

1 H2O 46
2 DCM 64
3 DMF 46
4 DMSO 21
5 THF 89
6 Toluene 86
7 CH3CN >99

a Reaction condition: alcohol (5 mmol), Fe3O4@Cu2O (15 mg), NMI
(0.25 mmol), TEMPO (0.25 mmol), solvent (5 mL), 25 �C, 18 h.
b Conrmed by GC analysis.
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reaction rate slowed down (Table 1, entries 8 & 9). Compared to
the Fe3O4@Cu2O, the over-reduced catalysts of Fe3O4@Cu2O–Cu
with different contents of Cu showed essentially the same activ-
ities as Fe3O4@Cu2O (Table 1, entries 10–13). But in reaction rate,
the presence of metallic copper made some differences. It seems
that the increase in the ratio of metallic copper retarded the
reaction at its initial stage although at the end of the reaction, the
yield was not affected signicantly. Further, the presence of the
metal copper seems to enhance its robustness (vide infra). By
increasing the temperature to 82 �C (Table 1, entry 15), the
reaction rate was increased substantially in the initial stage and
the reaction time can be shorted to 12 h (Fig. S3†).

In order to check the inuence of a solvent on the catalysis,
various protic and aprotic solvents were employed under similar
conditions and the results are presented in Table 2. The
conversion results are more favourable in less-polar solvents like
Toluene, THF, DCM andCH3CN than polar solvents such as H2O,
DMF, and DMSO (Table 2, entries 1–7). Especially, in acetonitrile,
the reaction proceeded well and afforded excellent yield (>99%),
which agrees with what was observed in homogenous catalysis by
CuI/NMI/TEMPO.23 Based on these results, acetonitrile was
employed as the solvent medium throughout the study.
Fig. 6 Heterogeneity test of the Fe3O4@Cu2O catalyst (black: reaction
proceeded as usual and red: reaction proceeded after Fe3O4@Cu2O
was removed at 10 h).

26146 | RSC Adv., 2020, 10, 26142–26150
2.3 Heterogeneity and reusability of the catalysts

To check the heterogeneity of the catalyst, a set of normal
reaction with optimized conditions were performed and the
progress of the reaction was monitored for every 2 h. Aer 10
hours, the catalyst was removed from one of the experiments to
allow the reaction to continue under the same conditions. At the
end of the reaction, there was a slight increase in the yield
without the presence of the catalyst, which was contributed to
the bleached copper in the solution (Fig. 6).

The reusability of the catalyst was examined for the selective
oxidation of benzyl alcohol. Aer the completion of reaction, the
catalyst was separated by applying an external magnet and
washed three times with acetonitrile, dried under vacuum at
60 �C for 12 hours before being used for next run under the same
reaction conditions. Fig. 7 (le) shows the reusability of Fe3-
O4@Cu2O catalyst and it remained substantially active for over
eight times. A slight decrease in catalytic activity aer ve
repetitive runs was due to the loss of Cu2O via chemically
bleaching. ICP analysis suggested that the copper being bleached
into the solution accounted for 5.8% of the total copper content.
As shown in Fig. 7 (right), the over-reduced catalysts, for example,
Scheme 2 A possible mechanism for the aerobic oxidation of benzylic
alcohols catalyzed by the magnetic core–shell materials with both
TEMPO and NMI as the co-catalysts.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Aerobic oxidation of various alcohols catalyzed by Fe3O4@-
Cu2O nanomateriala

Entry Substrate Product
Selectivity
(%) Yieldb (%)

1 >99 >99

2 >99 >99

3 >99 92

4 >99 96

5 >99 >99

6 >99 >99

7 >99 >99

8 >99 >99
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Fe3O4@Cu2O–Cu-7, exhibited much better stability. But at this
stage, we do not understand how the co-existence of minimum
amount of metallic copper in the catalyst could enhance its
robustness. The p-XRD and XPS studies of the fresh and recycled
catalysts of Fe3O4@Cu2O–Cu-7 did not surrender much infor-
mation on this matter (Fig. S4 and S5†).

Based on the previous reported literatures,14,23 a simplied
mechanism for this catalytic system was proposed in Scheme 2.
First, O2 is activated by Cu(I) and the metal site is oxidised to
Cu(II). The involvement of NMI may enhance the reducing
capability via coordination to themetal site and acts probably as
a base as well. Then, the substrate is adsorbed on the surface at
CuII species, followed by deprotonation of the bound alcohol.
This process is similar to the reported homogenous catalytic
system, in which the hydroxyl group formed from the reduction
of O2 acted as an internal base and deprotonated readily the
proton of the bound substrate to form alkoxide-bound
adduct.15,17,23 Finally, the abstraction of a-hydrogen from the
substrate by TEMPO led to the desired carbonyl compound and
regenerated Cu(I) species. Meanwhile, the production of TEM-
POH could act as hydrogen source for next catalytic cycle sup-
ported by the evidence that the employment of TEMPOH, the
reduced form of TEMPO, as the co-catalyst showed better
catalytic activity than TEMPO in the catalysis at the initial stage
(Fig. S6†).

This proposed mechanism was further conrmed by the
results obtained from p-XRD and XPS studies of the recycled
catalysts. The p-XRD data of the recycled catalysts (Fig. S2†)
shown that the peak intensity of Cu2O was weakened, hence
there were no characteristic peaks of CuO in the recycled cata-
lysts (4th and 7th run). But the XPS spectra of the recycled
catalysts of Fe3O4@Cu2O (4th & 7th recycle) revealed the
formation of CuO by the presence of two additional peaks with
binding energies of 934.20 eV and 954.14 eV respectively (Fig. 8,
top le). It was further supported by the Cu LMM auger
Fig. 8 Comparison of XPS spectra of fresh and recycled Fe3O4@Cu2O
catalysts: Cu2p (Top left), Cu LMM (Top right), O1s (Bottom left) and
N1s (Bottom right) spectrum; (a) fresh catalyst, (b) 4th recycling and (c)
7th recycling.

This journal is © The Royal Society of Chemistry 2020
spectrum with the presence of additional peak at 568.5 eV for
CuO along with Cu2O (Fig. 8, Top right).

In the O1s core level, there is an increase in peak areas of O–
Cu2+ and surface-oxygen were observed for consecutive runs due
to the surface oxidation of cuprous oxide (Fig. 8, bottom le).
Analogously, a slight increase in the binding energy of N1s was
also observed with the formation of N–Cu2+ at 400.7 eV in the
9 >99 >99

10 >99 >99

11 >99 >99

12 >99 14

13 16.5 9

14 >99 5

15 >99 3

16 — —

a Reaction conditions: alcohol (5 mmol), Fe3O4@Cu2O (15 mg), TEMPO
(0.25 mmol, 39.1 mg), NMI (0.25 mmol, 20 mg), CH3CN (5 mL), 25 �C,
18 h. b Conrmed by GC-MS analysis.
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Table 4 Comparison with the catalytic systems reported in the literatures for the oxidation of benzyl alcohols

Entry Reaction conditions
Selectivity
(%) Yield (%) Catalyst recycle Ref.

1 Fe3O4@Cu2O, NMI, TEMPO, air, 25 �C, 18
h

>99 99 Magnetisation This work

2 Fe2O4–Co, H2O2, 110 �C, 5 h 100 99 Magnetisation 42
3 Fe3O4/Cys–Pd, O2, 55 �C, 1.5 h >99 85 Magnetisation 43
4 Fe3O4/MPA–PHEA-Cr, O2, 45 �C, 4 h 99 60 Magnetisation 44
5 CuO–rectorite, TEMPO, K2CO3, O2, 50 �C,

24 h
>99 85 Centrifugation 38

6 Cu–MnOx, TEMPO, O2, 120 �C, 6 h 98 98 Centrifugation 39
7 Cu3(BTC)2, TEMPO, Na2CO3, O2, 75 �C,

22 h
98 89 Centrifugation 31

8 Ru-kaolin, TBHP, O2, 100 �C, 3 h 100 97 Centrifugation 30

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

5 
3:

14
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
recycled catalysts (Fig. 8, bottom right). The XPS studies of the
recycled Fe3O4@Cu2O–Cu-7 also reveals the above same infor-
mation except the formation of instable intermediate Cu(OH)2
species (Fig. S7,† top right). In the O1s spectrum, the intensity
of O–Cu+ and O–Cu2+ was slightly lower than that of surface
oxygen (Fig. S7,† bottom le). Perhaps, the oxidation of metallic
copper present in the catalyst might be a reason for the
enhancement of reusability and robustness of the over-reduced
Fe3O4@Cu2O–Cu-7 catalyst.
2.4 Substrate scope

To explore the applicable scope of the catalysts, various alcoholic
substrates were tested under the optimized reaction conditions
and the results are summarized in Table 3. In most cases,
selective oxidation of benzyl alcohols into corresponding alde-
hydes proceeded quantitatively with aldehydes as the sole prod-
ucts. Electron-donating groups like methyl-substituted benzyl
alcohols showed slightly differentiated results among para-,
meta- and ortho-positions (Table 3, entries 2–4), which could be
contributed to both electronic and steric reasons. However, it is
surprising that electron-withdrawing groups like chloro and nitro
substituted benzyl alcohols did not show any negative effect on
the reaction (Table 3, entries 5–8). In fact, on the contrary, it
seems that the electron-withdrawing group promoted the catal-
ysis. It is well known that during the conversion of an alcohol into
its aldehyde, a number of steps are involved, for example,
deprotonating the bound substrate before the rst electron
transfer and the abstraction of the hydrogen atom from the
methylene group which accompanies the transfer of the second
electron to complete the oxidation. These observations may
imply that in the catalytic reaction, the deprotonation is one of
the rate-determining steps and the abstraction of hydrogen atom
from the methylene group is not, since electron-withdrawing
group would increase the acidity of the substrate. For allylic
alcohols, the catalyst showed also excellent efficiency (Table 3,
entries 9 & 10). Furthermore, the catalyst was effective on some of
the aerobic oxidation of heterocyclic alcohols (Table 3, entry 11).
Interestingly, for pyridin-2-yl-methanol the activity dropped
drastically (Table 3, entry 12). This may be due to that the
nitrogen atom on the pyridyl group competed with the NMI for
26148 | RSC Adv., 2020, 10, 26142–26150
coordinationwhichmight block the catalytic sites and resulted in
a very low yield, which agrees with what was observed in
homogenous catalysis.23 Finally, it must be said that its activity
on aerobic oxidation of aliphatic alcohols and secondary alcohols
was low (Table 3, entries 14–16).

Compared to those catalytic systems reported in the litera-
tures (Table 4), the present catalytic system has the advantages,
easy separation, functional group tolerance, using atmospheric
air as the oxidant, operation at room temperature, good dura-
bility and reusability.
3. Conclusions

In summary, we have reported the preparation and character-
isation of Fe3O4@Cu2O magnetic materials and its over-reduced
analogues. Alongside with TEMPO and NMI additive, the
magnetic materials showed excellent catalytic efficiency towards
the aerobic oxidation of benzylic alcohols under ambient
conditions. The electron-withdrawing groups seem to promote
the reaction with no differentiation in their substituting position
on the phenyl ring. On the contrary, the electron-donating groups
such as methyl group did show subtle decrease in activity when
the methyl group was at ortho- and para-positions. These obser-
vations may suggest that the deprotonation step in the catalysis
might be important and be one of the rate-determining steps
since an electron-withdrawing group would certainly increase the
acidity of the alcohol and thus facilitate its deprotonation. In
addition to its easy separation, the materials showed robustness
in repetitive applications with no signicant loss in activity. The
over-reduced materials, Fe3O4@Cu2O–Cu-7, showed even better
durability. Further work has been undertaken to improve its
catalytic activity for the aerobic oxidation of aliphatic alcohols
and explore how the presence of metallic copper in the materials
improved the robustness.
4. Experimental
4.1 Materials and instrumentation

All commercial reagents, substrates were purchased from
Aldrich, Macklin or Aladdin and used as received without
This journal is © The Royal Society of Chemistry 2020
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further purication. The as-prepared core–shell Fe3O4@Cu2O
nanomaterial and its precursors were characterized by different
spectroscopic methods. IR (KBr) spectra were recorded on
a Perkin-Elmer 781 spectrophotometer. X-ray diffraction (XRD)
measurements were performed with a Philips powder diffrac-
tometer type PW 1373 goniometer. It was equipped with
a graphite monochromator crystal. The X-ray wavelength was
1.5405 �A and the diffraction patterns were recorded in the 2q
range (10–80) with scanning speed of 2� min�1. Morphology
and particle dispersion was investigated by scanning electron
microscopy (SEM) (Cam scan MV2300). The chemical compo-
sition of the as prepared nanomaterial was measured by EDS
(Energy Dispersive X-ray Spectroscopy) performed in SEM. The
shape and size of the Fe3O4@Cu2O nanomaterial were identi-
ed by transmission electron microscope (TEM) using a Philips
EM208 microscope operating at an accelerating voltage of 90
kV. XPS analysis was used to investigate the oxidation states of
elements by measuring the binding energy of that element. XPS
experiments were performed with an Al KR monochromator X-
ray source operating at 15 kV using Thermo Fisher Scientic,
USA. During spectrum acquisition, the test chamber pressure is
maintained above 10–6 mbar for using low-energy electrons to
expel electron guns to neutralize possible surface roughness.
Magnetic properties of the NPs were detected by a super-
conducting quantum interference device of vibrating sample
magnetometer (SQUID, Quantum Design MPMS).

4.2 Synthesis of Fe3O4 nanomaterials

The magnetite nanomaterials (Fe3O4) were synthesized by the
co-precipitation method according to the reported literature.49

About 5.84 g of FeCl3$6H2O and 2.15 g of FeCl2$4H2O
(Fe3+ : Fe2+ ¼ 2 : 1) were dissolved in 100 mL of deionized water
under N2 atmosphere at 85 �C. Then, 10 mL of 25% NH4OH was
added and stirred for 2 h. Now, the colour of the bulk solution
turned to black, the precipitates were separated and washed
several times with deionized water and ethanol using magnetic
decantation. Aer that, Fe3O4 nanomaterials were treated with
0.1 M L-lysine solution for 30 min, which were then separated
with a magnet and washed several times with deionized water
and dried under vacuum at 60 �C for 10 h.

4.3 Synthesis of core–shell Fe3O4@Cu2O nanomaterials

The synthesis of core–shell Fe3O4@Cu2O nanomaterials was
based on the reported literature method.49 About 0.18 g of
Cu(NO3)2$3H2O was added to a mixture containing 17 mL of
ethanol and 8.5 mL of ethylene glycol, followed by vigorous
stirring. Then 25 mg of as-prepared magnetite was added to the
above solution and sonicated for 30 min. Aer that, it was
sealed in a Teon-lined stainless-steel autoclave (100 mL
capacity) and heated to 160 �C for 4 h. Then, the resultant solid
was magnetically separated by using external magnet and
washed three times with deionized water and ethanol to elim-
inate inorganic and organic impurities. Finally, the obtained
core–shell Fe3O4@Cu2O nanomaterial was dried under vacuum
at 60 �C for 5 h. The over-reduced materials were analogously
prepared by prolonging the reaction time.
This journal is © The Royal Society of Chemistry 2020
4.4 Aerobic oxidation of alcohols using core–shell
Fe3O4@Cu2O nanomaterials

All reactions were carried out on a reaction tube (25 mL) in
which benzyl alcohol (5 mmol), catalyst (15 mg), TEMPO (0.25
mmol), NMI (0.25 mmol) and acetonitrile (5 mL) were added
respectively and stirred at room temperature. The aliquots of
the reaction mixture were used for product analysis at regular
interval by gas chromatic technique. The retention times for
various compounds were determined by injecting pure
compounds under identical GC conditions. Conversion of
substrates was calculated from GC data and the oxidation
products were identied from GC-MS results. At the end of the
reaction, the catalyst was collected using an external magnet
and reused for next run where applicable.
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