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of the magnetically separable Al/
Fe oxide RNGO in the selective oxidation of benzyl
alcohol induced the observation of its morphology
change†

Qichen Li, Lingling Zhang, Xiaozhong Wang, Gang Xu,* Yingqi Chen and Liyan Dai *

Herein, via integrating the merits of Fe-based nanoparticles and graphene oxide, magnetic Al/Fe oxide

nanoparticles implanted on reduced N-doped graphene oxide (Al/Fe oxide RNGO) were synthesized by

solvothermal reaction followed by thermal annealing with a particular temperature and hold time. The

synthesized catalyst exhibited excellent performance with more than 80% yield of the desired product

benzaldehyde achieved within a 2-hour reaction time. Due to its distinctive magnetism, the material can

easily be separated and recycled for subsequent runs. It also demonstrated exceptional stability and

recyclability with regard to its performance in a lifetime test without significant capacity or activity loss.

The most remarkable finding was the observation of a color shift during the lifetime test due to the

change in the morphology, which was further connected with the catalytic performance; initially,

a chaotic structure and a comparable inferior catalytic activity were obtained, whereas a waffle or pastry

state and a relatively superior activity were observed later. An additional reference without reactants did

not display this morphology change; this result supported the employment of the catalyst in the reaction

and provided a new alternative methodology to deduce and verify the mechanism.
Introduction

Nanoparticles or nanocrystals made of metals or oxides are of
particular interest due to their mechanical, electrical, magnetic,
optical, chemical, and other properties.1–3 Since nanomaterials
are being developed, the environmental and human health
impacts of both the products and processes used to make them
must be considered to ensure their long term economic
viability. However, in this regard, the introduction of magnetic
nanoparticles has tackled the above mentioned problem and
made a splendid contribution to the progression of the chem-
istry synthesis. The potential and versatility of these small
magnetic nanoparticles have streamlined the tedious and costly
separation processes, which has always been a difficult chal-
lenge in chemistry. More signicantly, the emergence of
nanoparticles has exerted a visible effect on the synthesis of
benzaldehyde.4–7

Benzaldehyde, the simplest aromatic aldehyde, is one of the
most industrially versatile intermediates. It is a precursor of
high demand in various domains e.g. in pharmaceuticals,
nced Chemical Engineering Manufacture
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cosmetics, pesticides, and herbicides, and some other ne
chemicals.8–17 The selective oxidation of primary alcohol is a key
transformation from both synthetic and industrial points of
view.18 This main synthetic method for obtaining carbonyl
compounds has been a hit and has attracted signicant
attention.

The conventional method is basically carried out by utilizing
stoichiometric amounts of high valence transition metal salts,
such as dichromate, chromium trioxide or tungsten, which have
been employed for many decades.19 The catalyst system based
on tungsten that mediates the oxidation of alcohol can be
traced to the pioneering study reported by Jacobson et al. in
1976.20 Sometimes, even organic oxidants, such as the Swern21

and Dess–Martin22 reagents, have also been considered as
a favorable alternative until the introduction and adoption of
environmentally benign hydrogen peroxide.

The application of H2O2 suddenly intrigued extensive
investigations of this seemingly simple and straightforward
conversion due to its one-step procedure; however, this strategy
actually turned out to be complicated and difficult. In previous
studies, chemists have made several attempts to explore suit-
able conditions for catalyzing the selective oxidation of benzyl
alcohol using this environmentally friendly reagent, but still
failed in their endeavour. However, failures and trials offered
some recognition and insight into making a progress.23a–j For
most catalytic systems using H2O2, noble metals are
RSC Adv., 2017, 7, 37467–37473 | 37467
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inevitable.24 They have the signicant advantage of extraordi-
nary efficiency and specialized selectivity over their counter-
parts. However, either due to their high cost or the reason that
noble metal residues jeopardize the use of produced intermedi-
ates in pharmaceutical and nutritional products, they are mini-
mally utilized at the industrial scale.25–28 Subsequently, cheap,
transition metal-catalyzed oxidation of corresponding alcohols in
the presence of H2O2 has been greatly explored. Moreover, it
attracted signicant attention from our group; thus, we aimed to
develop readily available, economical, and more efficacious
alternatives to traditionally employed gold or platinum in several
catalytic reactions. Some homogenous and heterogeneous cata-
lytic systems have been well investigated for H2O2 activation;
Zauche et al. have reported that Re is an ideal catalytic active
constituent.29 Recently, the Liu Group reported palladium-
catalysed selective oxidation of alcohol and achieved a fairly
excellent yield.30Manganese, ruthenium, tin, iron, and copper31–37

have also been proved to be perfect options in this conversion.
Among these transition metals, iron, however, has numerously
been explored not only for its availability at a low cost, but also for
its notable stability and remarkable dispersibility on
supports.38–42 However, most catalysts employing iron still
demonstrated an unsatisfactory and undesirable performance
with regard to long reaction times and demanding conditions.

Recently, the emergence of graphene (rst isolated in 2004
by Andre Geim and Konstantin) made it possible to quantify the
promotion of catalytic performance. High quality graphene with
size in hundreds of microns allowed the investigation of their
amazing properties. Excellent transmittance and superior
intrinsic carrier mobility aroused several attempts to use gra-
phene as a catalyst support. Basically, graphene oxide and
reduced graphene oxide or sometime N, B, S or other element-
doped graphene oxide is actually used as a host. To our surprise
and delight, most catalysts exhibited better performance even
with the substitution of the host by graphene, without changing
the active center. Therefore, it has always been regarded as
a superior carrier.43a–e

In this regard, we tailored magnetic Al/Fe oxides implanted
on reduced N-doped graphene oxide (Al/Fe oxide RNGO), which
exhibited excellent performance with a desirable product yield
of more than 80% within a 2 hour reaction during its applica-
tion in the conversion of benzaldehyde. In addition, we char-
acterized the catalyst before and aer 10 runs. We discovered
a peculiar phenomenon: the morphological change in the
catalyst. A remarkable observation was that a designed blank
comparative experiment showed no morphology alterations,
testifying that the employment of the catalyst in the reaction
also provided an alternative methodology to deduce and verify
the mechanism of the reaction.

Experimental
Chemicals

All chemicals used were of analytical grade and used as received
from Sinopharm Chemical Reagent Co., Ltd without any puri-
cation. Ultra-pure water was prepared in the laboratory using
a Milli-Q SP reagent water system from Millipore (Milford, MA).
37468 | RSC Adv., 2017, 7, 37467–37473
Synthesis of Al/Fe oxide RNGO

Al/Fe oxide RNGO was synthesized via the solvothermal process
by pyrolysis of graphene oxide (GO) using a N-source and cor-
responding metal salt. GO was prepared via a modied
Hummers method and subsequent exfoliation.44 In the prepa-
ration, sulfuric acid (98%, 78 mL) was slowly added to a mixture
of graphite powder (3.0 g) and NaNO3 (1.2 g); then, the mixture
was cooled down to 0 �C in an ice bath. KMnO4 (12 g) was added
aer 30 min and the mixture was stirred for 60 min at <20 �C.
Then, the solution was heated to 35 �C and stirred for 90 min,
during which deionized water (138 mL) was gradually added.
The temperature was maintained at 98 �C for 8 min. Additional
water (300 mL) and H2O2 (30%, 10 mL) were added aer air
cooling for 15 min. The resulting solution was washed to
neutral via centrifugation with the HCl solution (5%) and water
to remove chloride and sulfate ions. The graphite oxide slurry
was then freeze dried for 48 h. Then, 0.12 g pre-synthesized GO
was delaminated by treating in an ultrasonic equipment for 2 h.
This was then mixed with equal molar amounts of Al(NO3)3-
$9H2O (4 mmol) and FeCl3$6H2O (4 mmol) and 1.3 g urea with
ethylene glycol as the dispersion medium and vigorously stirred
for 2 h. When it was homo-dispersed, 2 mL of 1-methyl-2-
pyrrolidone was added to the suspension, which was then
immediately transferred to a Teon-lined autoclave for the
hydrothermal reaction at 180 �C for time 12 h. The catalyst was
obtained by washing the abovementioned suspension with
ethanol and deionized water via centrifugation, drying at 50 �C
for 24 h, and further thermally treating by placing the catalyst
into a quartz boat and heating to 500 �C for 2 h under a N2

atmosphere at the heating rate of 10 �Cmin�1. Aer the furnace
was normally cooled to room temperature, the nal product was
obtained. A variety of catalysts treated under different thermal
annealing conditions were also prepared for further compar-
ison of their catalytic activities and to obtain better insights
about the inuence that thermal annealing exerted on the
catalysts.
Catalytic activity test

The selective oxidation of benzoic alcohol with 30% hydrogen
peroxide as the oxidizing agent was carried out to test the
catalytic activity of the prepared Al/Fe oxide RNGO. All
experiments were conducted in a reaction tube with 1 mmol
benzyl alcohol, hydrogen peroxide, which was added every
30 min with a dosage of 40 mL (4 times), and 2 mL acetonitrile
as the solvent. In addition, we conducted a series of experi-
ments to optimize the reaction conditions such as tempera-
ture, time, the dosage of H2O2 and catalyst, and the solvent.
The product was separated and ltered from the reaction tube
by applying a magnet to the outside, trapping, and immobi-
lizing the catalyst. Aer this, the reaction products were
analyzed and tested by HPLC with a PDA-100 photodiode
array detector, and an Acclaim 120 C18 column (5 mm, 4.6 �
250 mm) was used to determine the concentration of benz-
aldehyde. The mobile phase was composed of methanol and
water (90 : 10, v/v) at a ow rate of 1.0 mL min�1 at a column
temperature of 40 �C.
This journal is © The Royal Society of Chemistry 2017
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Characterization

The morphologies of the synthesized Al/Fe oxide RNGO were
surveyed using a JEM-2010 transmission electron microscope
with an energy dispersive X-ray spectrometer (TEM-EDX, JEOL,
Japan) and scanning electronic microscope (SEM, Hitachi
SU8020, Japan). X-ray diffraction studies (XRD, PANalytical X'
Pert diffractometer, Almelo, Netherlands) were performed to
characterize the crystal form using a monochromatized X-ray
beam with nickel-ltered Cu Ka radiation at a 0.4� min�1

scan rate. Inductively coupled plasma mass spectrometry (ICP-
MS) was adopted to analyze the composition and ratio of the
elements.
Results and discussion
Catalyst selection and catalytic performance

A facile two-step solvothermal reaction followed by thermal
annealing was utilized for the synthesis of Al/Fe oxide RNGO
with a range of different thermal annealing temperatures and
hold times. From Fig. 1(a), it could be concluded that the yield
of benzaldehyde basically increased and then decreased and
nally peaked at 500 �C, and a 78.9% yield with the variation of
temperature was obtained. Moreover, the same tendency was
observed for the time variable, as shown in Fig. 1(b), and the
maximal yield was obtained at 4 hour thermal treatment. In
addition, as the thermal treatment time increases, the selec-
tivity of benzaldehyde gradually decreases with the increasing
percentage of benzoic acid.
Fig. 1 The catalytic performance of the thermally treated Al/Fe oxide
RNGO at different temperatures and times.

This journal is © The Royal Society of Chemistry 2017
To achieve the best catalytic performance, we also optimized
the reaction parameters such as the reaction time, reaction
temperature, hydrogen peroxide dosage, and catalyst loading.
From Fig. 2(a), it can be concluded that the optimal loading of
Al/Fe oxide RNGO is 10% (mol) under the typically identical
conditions abovementioned in the Experimental section. Lower
loading of the catalyst cannot effectively accelerate the decom-
position of H2O2, whereas higher loading otherwise leads to the
quicker generation of OH and over oxidation of the interme-
diate and thus the larger proportion of benzoic acid.

The dosage of H2O2 was investigated in a similar way. The
best dosage was 40 mL in one time for every 30 min injection,
which was concluded from Fig. 2(b). Although the conversion of
benzyl alcohol increased as the H2O2 ratio increased, the
selectivity to benzaldehyde decreased. As a result, the obtained
product would contain more benzoic acid, which could even be
the major product at a certain H2O2 dosage value. Therefore, the
best dosage of H2O2 was chosen to be 40 mL from this
experiment.

Reaction temperature has a dramatic effect on the catalytic
performance of selective oxidation. Thus, the temperature
condition is an essential index for a catalyst. The temperature
range was investigated from 20 �C to 100 �C. The best temper-
ature setting was 80 �C. According to Fig. 2(c), although 90 �C or
even 100 �C may exhibit a better performance in the reaction
with the regard to the yield of benzaldehyde, the boiling point of
acetonitrile is 82 �C, which, as a solvent, hampers the reaction
to a certain degree. Moreover, the increase in temperature
cannot improve the yield greatly; we nally decided the best
reaction temperature to be 80 �C, considering energy
consumption in the future industrial scale application.

To investigate the effect of reaction time, 160 mL H2O2 was
added in one step instead of four, as described in the
Fig. 2 Effects of reaction parameters on the catalytic performance of
Al/Fe oxide RNGO. (a) Catalyst loading; (b) H2O2 loading; (c) reaction
temperature; and (d) reaction time.

RSC Adv., 2017, 7, 37467–37473 | 37469
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Fig. 3 Recyclability of Al/Fe oxide RNGO. The recovered catalyst was
readily used in the next run without any further treatment.

Fig. 5 Schematics of the preparation of Al/Fe oxide RNGO.
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experimental section. It should be noted that the addition of
H2O2 in one step led to a lower yield. The result reveals that
there is an induction period at the initial stage of the reaction.
Thereaer, the reaction accelerated until it was limited due to
the decreasing concentration of H2O2. The yield of the product
was still increasing aer the fast increase between 30 min and
45 min. According to Fig. 2(d), the optimum reaction time
should be 2 hours.

Al/Fe oxide RNGO exhibited favourable magnetic properties.
We tested its reversibility by stabilizing the catalyst with an
external magnet, followed by ltration and then using HPLC to
analyze the yield of the reaction. As observed from Fig. 3, it
showed a steady increase in yield in the rst three runs and
maintained its prime performance in the following runs
without signicant drop. According to most previous similar
studies, it should suffer a loss during its deployment in the
reaction. However, in our research, an opposite trend was ob-
tained. Moreover, we also observed some peculiar phenom-
enon, which also was the most interesting part: the color of the
catalyst changed with its catalytic performance. It gradually
turned to brick red from somewhat black during its application
in the reaction in the rst several runs and then retained the
Fig. 4 The color change during the recycling. (a) The initial color
before its application in the selective oxidation reaction; (b) the color
of catalyst after the fifth cycle.

37470 | RSC Adv., 2017, 7, 37467–37473
color without turning back (Fig. 4). The catalytic performance
on the other hand, reected from the yield of benzaldehyde,
became better and better in the rst subsequent runs and the
prime performance was maintained without signicant loss in
the next trials.
Physicochemical properties of the material

Based on several previous studies on the morphology and
structural features of the catalyst, we proposed a possible
formation mechanism of these different types of nanohybrids,
as schematically illustrated in Fig. 5.45a–c Upon the rst sonica-
tion, the interweaving of Al3+ and Fe3+ cations with ethylene
glycol molecules formed nanoscale clusters. Under a sol-
vothermal reaction, nanoclusters started to nucleate and
formed regular granules due to their tendency to randomly
aggregate. Further annealing led to the formation of a chaoti-
cally arranged nanosheet. The N-doped RGO skeletons served as
superior templates for the growth and formation of nanosheets
of mixed transition metal oxides. However, due to the weak
bonding between N-doped RGO and transition metal oxides,
a few RGO sheets remained uncoated.

Structural and morphological analyses of the prepared
catalysts were conducted via SEM and HRTEM. The SEM images
Fig. 6 SEM images of Al/Fe oxide RNGO before its application in the
reaction.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 SEM images of Al/Fe oxide RNGO after its fifth run in the
recyclability experiment.
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of Al/Fe oxide RNGO in Fig. 6 demonstrate the chaotic
morphology as a whole. When the images were magnied, we
found a structure that was similar to that we proposed, with one
layer and dotted withmetal oxide nanoparticles in some parts of
the sheet and with multiple layers stacked together in a dis-
arranged way. These closely packed nanoparticles anchored
onto the surface of the N-doped RGO sheet are essential for the
selective oxidation of benzyl alcohol.46 As we have mentioned in
the recyclability experiment, the color change during the
application of the catalyst has attracted our attention. Thus, we
further examined the structure of the catalyst aer the h run.
To our surprise, we found a shi in the aggregation state from
a chaotic type to a regular waffle or pastry state (Fig. 7); this
explained the possible reason for the color conversion. The
vigorous stirring transformed the catalyst into single nano-
sheets from the initially disordered, piled up form. These
Fig. 8 (a) XRD pattern with the peak positions in the ICDD card; (b)
FETEM image; and (c) HRTEM image and its Fourier transform (inset).

This journal is © The Royal Society of Chemistry 2017
nanosheets dotted with metal oxides reacted with the reactants.
Aer the reaction, because of the inherent magnetism, these
nanosheets would reunite in a favorable way, thus causing the
shi in the morphology. To validate our hypothesis, we carried
out an extra blank experiment under the same condition as the
those of the recyclability experiment but with no reactant to
show if the same observation would occur. To our delight,
neither a color change nor a morphology change was detected.
This observation proved the involvement of the catalyst in the
reaction. It indicated that the optimal performance was also
achieved when the nanosheets were arranged in a regular waffle
or pastry state.

All the peaks in the XRD pattern were assigned to maghe-
mite, basically known as g-Fe2O3 having a nutty structure in
a chaotic aggregation state (Fig. 8(a)). On the basis of the ICP-
MS and EDX analysis, the catalyst prepared loaded Al oxides
as well, and the amount of loading was nearly with the same
with Fe, slightly higher to be exactly. According to the EDX
results, the percentages of the elements Al, Fe, and O are 6.90,
4.26, and 45.30, respectively, in one spot and 7.84, 5.23, and
56.96 in another. However, no Al oxides ICDD card perfectly
matched. Corundum structure is the closest match with the
same shi when 2q is 35.136 and 66.546. Perhaps, the loaded Al
oxides possessed different crystalline structures and dispersed
in a random way with the corundum structure forming the
majority. Based on the SEM test results, we can further conrm
the color conversion hypothesis we proposed during the
observation of morphology change. The HRTEM image showed
Fig. 9 XPS spectra of the catalyst. (a) Fe 2p and (b) Al 2p.

RSC Adv., 2017, 7, 37467–37473 | 37471
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Fig. 10 The proposed mechanism for reaction over Al/Fe oxides
RNGO.
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the lattice fringe of 0.251 nm and 0.296 nm corresponding to
the (119) plane and (206) plane (Fig. 8(c)).

Additional qualitative evidence for the installation of surface-
bound amide groups was obtained through X-ray photoelectron
spectroscopy (XPS) analysis of the prepared catalyst. The spectra
conrmed the presence of Fe and Al elements. High resolution
XPS spectra in the region of the Fe 2p core level (Fig. 9(a)) indi-
cated that the Fe 2p3/2 levels of magnetite had similar BE values of
the Fe3O4 particles at ca. 710.5 eV. The Fe 2p3/2 BE of maghemite
(g-Fe2O3) or hematite (a-Fe2O3) is only 0.4 eV higher than that of
magnetite, which may interfere with the assignment of the
surface phase as magnetite. However, we observed a character-
istic shake-up satellite ofmaghemite or hematite in these spectra,
which should otherwise appear at ca. 8.0 eV above the Fe 2p3/2
peak (indicated by the arrow in Fig. 9(a)). The intensity of the
shake-up satellite originated predominantly from the coupling of
the iron core-hole state with the valence band and turned out to
be a highly reliable indicator to distinguish the surface phase on
iron oxides.47
Mechanism

The proposed mechanism for the reaction over Al/Fe oxide
RNGO is shown in Fig. 10. The initial state of the catalyst mainly
contains Fe3+ and Al–OH groups. Aer the induction period
(about 0.5 h), the active species Fe2+ and Al–OOH are formed via
interaction with H2O2. BzOH interacts with Al–OOH to form an
active surface complex and H2O2 is decomposed at the adjacent
Fe2+ site to generate OH radicals. Surface-bonded BzOH is then
selectively oxidized to benzaldehyde via simultaneous abstrac-
tion of two hydrogen atoms: one from the methylene group by
OH radicals and the other from the hydroxyl group by Al–OOH.
It is in this step that the synergistic effect between Fe and Al
active sites may be involved. The catalytic cycle completes aer
the benzaldehyde desorption, which restores the initial state of
the catalyst surface.
Conclusions

In conclusion, a facile method has been developed to fabricate
novel Al/Fe oxide RNGO with g-Fe2O3 NPs and multiple types of
37472 | RSC Adv., 2017, 7, 37467–37473
Al oxides NPs (mostly corundum) embedded in the RNGO
matrix via solvothermal reaction followed by a particular
thermal annealing process. The prepared catalyst demonstrated
superior catalytic activity and recyclability toward the selective
oxidation of benzyl alcohol owing to its enrichment ability and
abundant active sites. The most important part of this research
is the nding of the morphology change in accordance with the
catalytic performance through the observation of color shi
during the lifetime test. Initially, a chaotic structure implied
comparably inferior catalytic activity, whereas a waffle or pastry
state was accompanied by relatively superior activity at peak
performance. It supported the use of the catalyst in the reaction
and helped in the verication of the most heterogeneous cata-
lytic reaction.
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