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A controllable ultrasonic-assisted self-assembly process is used for the fabrication of novel f-MnO2

nano-branched graphene composites by branched B-MnO2 interwoven with flake graphene. The

composites demonstrate high activity in catalytic oxidation of methylene blue (MB) model. Roles of

different components in the composites were confirmed and the optimum reaction conditions were also

investigated. By cyclic tests, the composites show excellent chemical stability. Finally, the catalytic

oxidation steps were further studied by analysis of the products. These results will contribute to the

wide applications of the new composites in catalytic oxidation of other aromatic compounds.

1. Introduction

Aromatic compounds, the main components of dye-containing
wastewater, have become serious pollutants with industrial
developments, e.g., in textile, paper, plastic, leather, food and
cosmetic industries. Most types of these compounds are of high
chroma, toxicity and chemical stability.' Treatment of these
compounds is of special importance and more efficient
technologies are urgently needed. Catalytic oxidation, based on
chemical reactions to make aromatic compounds oxidized into
smaller organic or inorganic molecules, emerged as a simple

and effective strategy.*!!

In particular, the cost-effective
advanced catalytic oxidation processes (AOPs) are suitable for
different kinds of aromatic compounds without selectivity,
which are dependent on the generation of reactive species such
as hydroxyl radicals (-OH).'*'® Unfortunately, the shortage of
efficient catalysts has greatly limited their application scope.

In this respect, compared with commercial micro-sized
powders, MnO, nanoparticles with good physical and chemical
properties have become attractive candidates for heterogeneous
catalysis. Different crystalline forms, appearances and sizes of
MnO,
oxidation of aromatic

nanoparticles have been synthesized for -catalytic
including o/B-MnO,

nanorods, nanowires and nanospheres.”'24 However, due to the

compounds,

nature of agglomeration, the catalytic activity and efficiency of
MnO, nanoparticles are still limited, usually accompanying
With the reaction
carries through, the activity is decreasing, leading to long

with serious pulverization phenomena.

reaction time or harsh reaction conditions needed. Therefore,

This journal is © The Royal Society of Chemistry 2013

improving dispersion of MnO, nanoparticles is an urgent
problem to be solved.

In recent years, research interest on graphene has been
increasing in many fields.”*?’ Unique flake-like structured
graphene, especially chemically modified graphene, with high
specific surface area and functional groups for chemical
activity, has been an important and low-cost catalyst support for

nanoparticles loading. It has been proven that the
electrochemical performances of MnO, nanoparticles can be
30-33

enhanced by incorporation of highly conductive materials.
Thus, the catalytic performances may also be improved by
binding MnO, nanoparticles with graphene flakes. There are
also several reports on the synthesis of MnO, nanoparticles and
graphene composites by hydrothermal reducing method for
catalytic oxidation.>**> However, the existing results are not
satisfying, with a longer reaction time (about 300 min) or a
higher temperature (up to 50 °C) needed. The poor dispersion of
MnO, nanoparticles on the surface of graphene flakes has a
great effect on their catalytic activity and cyclic stability. This
was probably related to the assembly process of MnO,
nanoparticles and graphene. Besides, the agglomeration of
graphene flakes is another great obstacle.

B-MnO,
composites were synthesized by highly dispersed MnO,

In our work, novel nano-branched-graphene
nanoparticles interwoven with graphene flakes. In comparison
with different

dimensional MnO, nanobranches are easier to be assembled

nanorods, nanowires and nanospheres,
with graphene flakes. Under the assistance of ultrasonic wave,

the branched MnO, nanoparticles, just like needle and thread,
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were interwoven with graphene flakes by a self-assembly
process. This process is similar to that in knitting a pair of
gloves for wearing. By this method, MnO, nanobranches can be
dispersed easily and the agglomeration of graphene flakes can
also be avoided. The as-obtained composites are chemically
and thermally stable. For catalytic oxidation activity tests,
methylene blue (MB), a heterocyclic aromatic compound
mainly used in a range of biology and chemistry fields, was
chosen as a model. The reaction was conducted in neutral
condition at room temperature with peroxide (H,0O,) as oxidant.
Here, a new adsorbent-catalyst system is constructed with
graphene of high specific surface as the adsorbent and 3-MnO,
nano-branches of high catalytic activity as the catalyst (Fig.1).
In terms of adsorption and catalytic efficiency, this catalytic
system demonstrates excellent catalytic oxidation
performances.

SR - o>

MB Model

H,0,

HO*

€O, Hy0 .....

Adsorbent-Catalyst System Catalytic Oxidation Activity

Fig.1. Schematic illustration of the new adsorbent-catalyst system in B-MnO,
nano-branched-graphene composites

2. Experimental Section

2.1. Reagents and Materials

Natural flake graphite (500 meshes) was purchased from
Shanghai Yifan graphite Ltd., China. Potassium permanganate
(KMnOQy,), concentrated sulfuric acid (H,SO4, 98%), peroxide
(H,O,, 30 wt%), hydrochloric acid (HCI, 1.0 mol L'l),
polyethylene glycol (PEG200, average molecular weight 200)
and ethanol were purchased from Sinopharm Chemical Reagent
Co., Ltd., China. All chemicals are analytical grade and used
without further purification. Water used in the study was
distilled for three times and purified by a Milli-Q system.

2.2. Preparation of Graphene Oxide (GO) Suspension

The graphite oxide was prepared according to a modified
Hummers method.*®*” Briefly, natural flake graphite (2.0 g)
were added into H,SO,4 (90 mL) and stirred in an ice bath for 10
min. Then, KMnO, (12.0 g) was slowly added and the mixture
was maintained at 50 °C for 6 hours. Followed by adding 160
mL of water, the reaction was kept at 80 °C for 30 min. Then,
12 mL of H,O, was added and the solid was washed by
hydrochloric acid and water repeatedly. After dried at 60 °C
overnight, the brown powder was re-dispersed in water by
ultrasonic method at a power of 280W for 90 min to form a
homogeneous brown suspension with a concentration of about
1.0 mg mL™".

2.3. Preparation of MnOOH Precursor

To synthesize MnOOH precursor, KMnO, (50.0 mg) was
dissolved into water (25 mL) at room temperature. After 5 min,

2| J. Name., 2012, 00, 1-3

RSC Advances

PEG200 (2 mL) was added and the mixture was stirred for 30
min. The obtained solution was transferred into a Teflon-lined
stainless steel autoclave (30 mL) and was kept to be heated to
160 °C for 12 h. After cooling to room temperature, the formed
precipitate was filtered and washed with water and ethanol for
three times, respectively. The product was vacuum-dried for 12
hours.

2.4. Preparation of B-MnO, Nanobranches

The as-produced MnOOH precursor was placed in a crucible
and heated in a furnace at 350 °C for 4 hours to form black B-
MnO, nanobranches.

2.5. Synthesis of f-MnQO, Nano-branched-Graphene Composites

The composites with different mass fractions of B-MnO,
nanobranches were synthesized. Various amounts of MnO,
were added into the above GO suspension under ultrasonic
vibration at a power of 350W for 60 min. Then, the as-made
mixture was transferred into a Teflon-lined stainless steel
autoclave and kept heated at 100 °C for 10 h. After cooling to
room temperature, black products were obtained by filtration,
washing and freeze-drying. The as-synthesized composites
were denoted as MnO,/GO-X, where X represents the mass
fraction of MnO, in the feeding process. In our study,
MnO,/GO-33, MnO,/GO-75 and MnO,/GO-9%4
synthesized, and the feeding mass ratios of MnO,/GO are 1:2,
3:1 and 15:1, respectively.

were

2.6. Characterization

The as-prepared samples were tested in a Rigaku D/max-2500
X-ray powder diffractometer using Cu Ka radiation (A = 0.1542
nm) with scattering angles (20) of 5 — 80°, operating at 40 kV
and a cathode current of 30 mA. Thermogravimetric analysis
(TGA) was carried out in a SDT-Q600 analyzer under air
atmosphere at a temperature range of 25-800 °C with a heating
rate of 5 °C-min”'. Morphologies of the samples were
characterized by scanning electron microscopy (SEM, JEOL,
JSM-5500LV, 30 kV, 107 Torr) and transmission electron
microscopy (TEM, JEOL, JEM-2000EX, 200 kV, 10”7 Torr).
All samples for TEM tests were prepared by dropping a
suspension of each sample (dispersed in ethanol earlier using an
ultrasonic bath for 15 min) onto the carbon Holey grid (JEOL,
400 meshes). Specific surface area measurements for all
samples were performed by nitrogen adsorption at 77 K with a
Micrometric ASAP 2020 physisorption analyzer. Samples were
outgassed for 6 h under vacuum at 350 °C before adsorption. X-
ray photoelectron spectroscopy (XPS) was done by a Thermo
Escalab 250 with a monochromatic AlKa source at room
temperature with the samples cleaned before. All the binding
energies were referenced to the Cls peak at 284.8 eV.

2.7. Catalytic Oxidation Activity Tests

In a typical test of MB model, H,O, solution (20 mL) was
added into MB dye solution (1000 mL, 25 mg-L") at room
temperature. Various amounts of the as-made catalysts were
then added to the mixture under continuous stirring. To avoid

This journal is © The Royal Society of Chemistry 2012
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photo-degradation, the reactions were carried out in a brown
flask wrapped with a tin foil paper. At different time intervals,
1 mL aliquots of the suspension were pipetted out, filtered
through 0.22 pm membrane, and diluted into a volumetric flask
(25 mL). After reaction, the suspension was centrifuged at
10,000 rpm for 10 min and the residual solid was separated and
dried at 60 °C for 12 hours. Each activity test was repeated
three times at the same reaction conditions and the reported
data are the average values of each three test cases.

The catalytic oxidation process of MB solution was
monitored by UV-Vis spectroscopy (UV1901, Shanghai Youke
Instrument Co., Ltd.). All samples taken at different time
intervals were analyzed in an optical quartz cell (Path length
1.0 cm) with a reference aqueous solution. Concentrations were
measured by the absorbance intensity at the maximum
absorption wavelength (664 nm) according to the Beer’s law.
The discoloration efficiency of MB solution was calculated
from the following equation:

(0 t)

n(%) = %100

Where 1 is the discoloration efficiency in %, A, is the initial
concentration and A, is the concentration at different time
intervals. To further identify catalytic oxidation reaction,
product analysis was performed with the positive ion mode
ESI-MS of a mass spectrometer (Quattro Premier XE, Waters).
Typical ESI conditions involved a heated capillary temperature
of 110 °C, cone voltage of 20 V, cone gas at a flow rate of 80
L-hr' and capillary voltage of 3.1 eV. Inorganic ions after
reaction were analyzed by ion chromatography (DIONEX ICS-
1000) through isocratic elution with 30 mmol-L"' NaOH
solution.

3. Results and Discussion

3.1. Self-assembly Processes of f-MnQO, Nano-branched-
Graphene Composites

Ultrasonic-assisted self-assembly routines (Fig. 2) were used to
synthesize the B-MnO, nano-branched-graphene composites.
Initially, branched MnOOH precursor was prepared with
PEG200 as capping organic molecules, which is crucial for
regulation of crystal nucleation and growth process in the
hydrothermal reaction system. The production yield (97.2 %) of
the MnOOH precursor was shown to be high and the process
was easy for scale-up. Then, B-MnO, nanobranches were
formed after calcination of MnOOH precursor at 350 °C in air
ambient. Simultaneously, GO suspension was obtained by the
modified Hummers method, which is easy to operate in the
solution. The basal plane of obtained GO sheet was decorated
by hydroxyl and epoxy functional groups and edges by
carboxyl and carbonyl groups. And then, under the assistance
of ultrasonic wave, 3-MnO, nanobranches were self-assembled
with GO flakes successfully. Relying on the ultrasonic
cavitation effects, f-MnO, nanobranches were highly dispersed

This journal is © The Royal Society of Chemistry 2012

and interwoven with flake-like GO. During this process, strong
chemical bonds, such as Mn-O-Mn, may be formed between [3-
MnO, nanobranches and the oxygen-containing functional
groups of GO flakes. Besides, hydroxyl groups adsorbed on the
surface of B-MnO, nanobranches can form hydrogen bond with
hydroxyl, carboxyl and carbonyl groups on the surfaces of GO
flakes. Moreover, the electrostatic force was also beneficial to
the dispersibility and stability. Depending on
ultrasonic energy, a knitting skill was conducted between -
MnO, nanobranches, as needle and thread, and GO flakes, as
pieces of cloth. Finally, in order to improve electrical
conductivity, thermal treatment is essential for the synthesis of
B-MnO, nano-branched-graphene composites, which
contributes to electron mobility and facilitates electron transfer
over catalytic reactions. Many oxygen-containing functional
groups were removed, particularly from the basal plane. The as-
synthesized composites with stable structure demonstrate high
catalytic oxidation activity and cyclic stability.

enhance

‘l[: ”;*“‘a _./\,\zr\/_. % Bu

KMnO,
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MnO,

Self-assembly  Ultrasonic Wave
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Fig.2. Schematic illustration of the preparation processes of B-MnO, nano-
branched-graphene composites

3.2. Structural Characterization

It is confirmed by XRD analyses (Fig. 3a) that MnOOH, MnO,,
MnO,/GO-33, MnO,/GO-75, MnO,/GO-94 composites are
crystalline. The MnOOH precursor is pure and holds a
monoclinic structure of MnOOH with SG P21/c (NO. 14) and
lattice parameters of a = 5.300 A, b=5278A,c=53074A, B=
114.36° (JCPDS card NO. 41-1379). Following calcination of
MnOOH at 350 °C for 4 hours, the diffraction peaks at 20 =
28.64°,37.32°,42.77°, 56.62° and 59.30° can be ascribed to the
reflections of (11 0),(101),(111),(211)and (22 0) planes,
which were indexed to B-MnO,, representing a tetragonal phase
(SG P42/mnm, NO. 136) with lattice constants of a = 4.399 A,
c=2.874 A (JCPDS card NO. 24-0735).

The MnO,/GO-33, MnO,/GO-75 and MnO,/GO-94
composites show identical peaks with those of MnO,, which
verifies that the MnO, phase remains unchanged in the
composites. Since MnO, crystals are interwoven with a
the MnO,/GO-33 composites
showed poor crystallinity, just as enough pieces of cloth with a

majority of graphene flakes,
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little needle and thread. A broad peak at around 24° is attributed
to the agglomeration of graphene flakes, corresponding to d-
spacing of 0.37 nm, similar to that of the pristine graphite (0.34
nm). By increasing the mass fraction of MnO,, the peak located
at around 24° disappeared. This can prove that by a gradual
increase in MnO, nanobranches, agglomeration of graphene
flakes has been prevented effectively. Considering that the
content and aggregation form of GO can affect its diffractive
peaks, there was no peak detected at around 10° (the (001)
crystal plane of GO) for the composites.
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50 GO/Mn02-75
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Fig.3. (a) XRD patterns and (b) TGA curves of the samples.

Table.1. The feeding ratios, the calculated mass ratios of MnO, by TGA and
BET specific surface areas of the samples.

Samples Feeding ratios Calculated mass su?gieczg:ea
P (MnO»/GO) ratios (%) cea
(m”g")
MnOOH - - 2.89
MnO, - - 12.20
MnO,/GO-33 1:2 38.5 87.43
MnO,/GO-75 3:1 823 102.11
MnO,/GO-94 15:1 96.5 93.58

The composition and thermal stability of the as-produced B-
MnO, nano-branched-graphene composites were tested by

4| J. Name., 2012, 00, 1-3
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TGA (Fig. 3b). As reported in [35, 38], weight loss below 300
°C is attributed to the removal of physical adsorbed water,
water in the lattice and the residual oxygen-containing
functional groups in the composites. As the temperature
increased to above 380 °C, the graphene portion of the
composites has been oxidized by the air flow and the carbon
sketch has been removed completely. The remained mass at
above 800 °C is attributed to the phase transformation of MnO,,
which turns into Mn,0;. The mass ratios of MnO, in the
composites, listed in Table 1, are estimated by the remained
mass ratios (Mn,0O3) when the composites are oxidized in air
ambient. The difference between the calculated mass ratios and
feeding ratios is attributed to the removal of oxygen-containing
functional groups.

Mn 2p3/
Mn 2py1/2)

E4
Ols
Cls

Intensity (a.u.)
Intensity (a.u.)

v - T
s 40 45 650 655
Binding Energy (V) Binding Energy (¢V)

660

¢ C-CIC=C d

Mn-O-Mn

Intensity (a.u.)

T T T
0 25 20 205 0 S8

Binding Energy (eV)

Fig.4. (a) XPS survey spectra; (b) Mn 2p; (c) Cls and (d) O1s spectra of the as-
obtained B-MnO2 nano-branched-graphene composites.

Binding Energy (eV)

XPS has been used to further elucidate the chemical
composition of B-MnO, nano-branched-graphene composites.
The peaks associated with Mn, C and O can be observed in the
survey spectrum (Fig. 4a). The Mn 2p;,, and Mn 2p;,, peaks are
centered at 642.2 eV and 653.9 eV, respectively (Fig. 4b). This
indicates the presence of MnO, (Mn*") in the composites with a
spin energy separation of 11.7 eV, in good accordance with the
previous data on MnO,** From the Cls deconvolution
spectrum of GO (Fig.S1, ESI), three peaks centered at 284.6,
286.7, and 288.6 eV are shown, which are attributed to C=C/C-
C in aromatic rings, C-O and C=O groups, respectively. The C-
O group is classified as epoxy/alkoxy.** However, for the
composites (Fig. 4c), the peak intensity for C=C/C-C (284.6
eV) is higher and the intensity of the peaks associated with
oxygen-containing functional groups (C-O and C=0) is lower.
This shows that most of the oxygen-containing functional
groups have been removed. The B-MnO, nano-branched-
graphene composites have been obtained with GO flakes
reduced to graphene. Fig. 4d shows the Ols spectrum, with
peaks centered at 529.0 and 532.2 eV attributed to the Mn-O-
Mn and C-O/C=0O groups, respectively. The Mn atoms may

This journal is © The Royal Society of Chemistry 2012
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interact with O atoms of the residual oxygen-containing
functional groups to generate a Mn-O-Mn group.*>*' The stable
combination of B-MnO, nano-branches and graphene, via
physical adsorption or a chemical reaction (by a hydrogen bond
or a covalent coordination bond), may ease the contingent
change of MnO, nanobranches to enhance the cycling
performance during the catalytic reactions.

Fig.5. SEM images of (a) GO, (b) MnOOH precursor, (c) B-MnO, nanobranches,
(d) Mn0,/G0-33, (e) Mn0,/G0-75 and (f) Mn0O,/G0-94 composites. Scale bars: 2
um.

SEM and TEM studies have also been conducted to reveal
the morphology of the samples in more details. The SEM image
of GO is shown in Fig. 5a. It displays a smooth plane with
strands of wrinkles, implying that graphite has been stripped
into graphene flakes and also oxidized into GO. As shown in
Fig. 5b and Fig. 6a, the branched MnOOH precursor presents
different dimensional features with a length of 500 nm to
several micrometers. After calcination of the precursor, the p-
MnO, nano-branched products (Fig. 5c, 6b and 6¢) maintained
their original morphology but obtained a higher specific surface
area (12.20 m* g, Table 1). The removal of hydrogen atoms
affects the particles size and the branches of B-MnO, become
much slender. This specific branched structure makes it a good
candidate for assembling with flake graphene, which is easy to
stack into layered construction.

Fig.6. TEM images on (a) MnOOH precursor, (b-c) B-MnO;, nanobranches, (d)
Mn0,/G0-33, (e) Mn0O,/GO-75 and (f) Mn0O,/G0-94 composites. Scale bars: 500
nm.

The SEM and TEM images of B-MnO, nano-branched-
graphene composites with different mass fractions of MnO,

This journal is © The Royal Society of Chemistry 2012
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(MnO,/GO-33, MnO,/GO-75 and MnO,/G0O-94) are displayed
in Fig. 5d-5f and Fig. 6d-6f. As the mass fractions of MnO,
increase, the morphology of the products changes dramatically.
In the MnO,/GO-33 composites (Fig. 5d and 6d), a small
amount of MnO, nanobranches was interwoven with relatively
large amounts of graphene flakes, making the graphene flakes
easy for agglomeration, which is in accordance with XRD
analysis. When the ratio is 75%, MnO, nanobranches are well-
distributed on the graphene flakes (Fig. 5e and 6e). In these
composites, enough MnO, nanobranches were provided as
needle and thread for interweaving graphene flakes, and
graphene flakes also change the distribution state of MnO,
nanobranches. This wonderful combinations result in the
highest value of specific surface area (102.11 m? g™"), higher
than that of reported composites (49 m* g™') **. For ratios up to
94%, a little amount of graphene flakes was interwoven with
MnO, nano-branches (Fig. 5f and 6f). The agglomeration of
MnO, nanobranches becomes serious and the specific area is
lower (93.58 m* g), yet still much higher than that of pure
MnO, nano-branches.

3.3. Catalytic Oxidation Tests
3.3.1. ROLES DETERMINATION OF DIFFERENT COMPONENTS OF
THE COMPOSITES

The B-MnO, nano-branched-graphene
composites were assembled with B-MnO, nanobranches and
graphene flakes. When applied in catalytic oxidation reactions,

as-synthesized

special roles played by different components should be proved
and the existence of synergic effect in the new adsorbent-
catalyst system should be also confirmed firstly.

Fig. 7a shows the degree of discoloration as a function of the
reaction time in different catalytic systems. The degree of
discoloration is limited to about 20% over a long time, by
relying on either MnO, or H,0,. This indicates a slower
oxidation rate or a lower adsorption capacity of MB. For pure
GO, 10 min is needed to reach adsorption equilibrium and the
degree of discoloration is about 50.2% under the circumstances.
If MnO, and H,0, coexist in the reaction system, the value of
67.0% is achieved within 1 min. It further increases to a stable
value of about 80% after 5 min. However, by replacing them
with MnO,/GO-75 composites, the degree of discoloration
approaches to around 86.2% within 1 min and at around 99.5%
in 30 min. Furthermore, when MnO,/GO-94 composites are
used, this value increases to 96.2% within 1 min and only in 10
min, the value approaches to 100%. It is important to note that
when MnO,/GO-33 composites were used, the degree of
discoloration is lower than that of the other composites.
Surprisingly, it was even lower than that of the pure MnO,
system with the assistance of H,O,. Interestingly, after 30 min,
the degree of discoloration continues to rise and transcends that
of the MnO, system (87.8%) and reaches above 90%.

Hence, the component of B-MnO, nano-branched-graphene
composites has a tremendous impact on the catalytic oxidation
activity. Therefore, it is necessary to compare the degree of
discoloration at the fifth minute and to compare the time values

J. Name., 2012, 00, 1-3 | 5
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when the degree of discoloration is greater than 99.5% in
different catalytic systems. Table 2 shows that the degree of
MB discoloration within 5 min decreases in the following
order: MnO,/G0-94 > MnQO,/GO-75 > MnO, > MnO,/GO-33.
If we
discoloration is greater than 99.5%, the order changes to:
MnO,/GO-94 < MnO,/GO-75 < MnO,/GO-33 < MnO,.

investigate the time value when the degree of

Table.2. The degree of discoloration at the fifth minute and time needed
when the degree of discoloration > 99.5% in different catalyst systems.

Catalyst Degree of discoloration (%) Time needed (min)
MnO, 81.44 300
MnO»/GO-33 56.53 130
MnO,/GO-75 96.22 30
MnO,/GO-94 98.77 10

When the ratio of graphene in B-MnO, nano-branched-
graphene composites increases, the time needed for physical
adsorption also increases. Therefore, in a MnO,/GO-33 system,
the degree of discoloration is relatively lower at the fifth
minute. Once adsorption equilibrium is attained, catalytic
reaction becomes faster. The time value when the degree of
discoloration is greater than 99.5% in MnO,/GO-33 system is
130 min, which is much shorter than that in pure MnO, system
(300 min). As mass fractions of MnO, in composites increase,
the efficient. These
experimental results confirmed that catalytic reactions were

catalytic reactions become more
mainly initiated by B-MnO, nanobranches and graphene flakes
were used to enlarge adsorption capacity. That is to say,
graphene flakes act as the adsorbent and B-MnO, nano-
branches as the catalyst primarily.

Nonetheless, in the pure MnO, or graphene systems, the
degrees of discoloration are much lower. This proves that the
synergy effect certainly existed in the f-MnO, nano-branched-
graphene composites, integrating larger adsorption capacity

with higher catalytic efficiency.

3.3.2. DETERMINATION OF THE OPTIMUM REACTION CONDITIONS

In our tests, catalytic oxidation reactions were conducted in
neutral water at room temperature. In order to determine the
optimum reaction conditions, the amount of oxidant (H,0,) was
fixed and other parameters, such as MB substrate concentration
and catalyst input, were investigated.

MB solutions with various initial concentrations of 25-65
mg-L! were used to carry out catalytic reactions with the same
conditions to investigate the effect of initial concentration. The
results are shown in Fig. 7b. Increasing the initial concentration
reduces the degree of discoloration at a specific time with an
unchanged tendency. This is due to the existence of physical
adsorption equilibrium. Even in 65 mg-L"' MB solution, the
degree of discoloration reaches 97.06% within 10 min. It shows
that the new adsorbent-catalyst system in the B-MnO, nano-

6 | J. Name., 2012, 00, 1-3

RSC Advances

branched-graphene composites may have a broader scope of
future applications.

H

3

i

<

MB+GO
p

2

b3

Degree of decoloration (%)

Degree of decoloration (%)

20 25 30 0 H 4 . s 10
Time (min)

w"\:\_;__.—._.
94
2 \ T——
- \ =
341 | e MB+M0)/GO-94+H,0, \
0= MB+Mn0,/GO-75+H,0,
T | <A MB+Mn0y/GO-33+H,0, \
wap= MB+MnOy+Hy0, \
764

os 06 0 1 2 3 4 s 6
Circle number

0 s 10

H

8 )

8
Time (degree of decoloration >99 %)

Drgradation rate (%)

Degree of decoloration at the first minute (%)
»

-

a 0 03 -
Catalyst (g L")

Fig.7. (a) Time profiles of MB discoloration by different catalytic systems under
the same reaction conditions; (b) Time profiles of MB discoloration by the
MnO,/GO-94 catalytic system with different initial concentrations of MB.
Reaction conditions: [H,0,] / [MB] = 20 mL/L, [Catalyst] = 0.5 g-L™, T = 25 °C; (c)
Effect of catalyst amount on the reaction, Line (a) (red line) represents the
degree of discoloration at the first time interval and Line (b) (black line)
represents the time value needed when the degree of discoloration is > 99%.
Reaction conditions: [MB] = 25 mg-L?, [H,0,] / [MB] = 20 mL/L, T = 25 °C; (d)
Cyclic tests for catalytic oxidation of MB by different catalytic systems. Reaction
conditions: [MB] = 25 mg-L?, [H,0,] / [MB] = 20 mL/L, [Catalyst] = 0.5 g-L™, T = 25
°C.

To meet the requirements of industrialization, the effect of
catalyst input is also studied. The degree of discoloration at the
first time (Fig. 7c, line (a), red line) and the time value when
the degree of discoloration reaches > 99% (Fig. 7c, line (b),
black line) were used as key parameters to evaluate the catalytic
reactions. Different mass fractions of MnQO,/G0O-94 were added
into MB solution in the presence of H,O,. Changes in the line
slopes were monitored and it was shown that to achieve a
satisfactory result, higher amounts of catalyst is needed.
Nonetheless, the influence of catalyst amount decreases as the
amount of catalyst increases. Therefore, an optimal condition of
0.4 g-L" is chosen, where the degree of discoloration at the first
time is 94.27% and only 20 min is needed to reach above 99%.

3.4. Cyclic Stability Tests

Cyclic tests were used to confirm chemical stability of the as-
synthesized B-MnO, nano-branched-graphene composites (Fig.
7d). By comparing the degradation rates of different catalytic
systems, the MnO,/GO-75 composites show the best stability
than others after 5 circles, which are attributed to its more
stable structure. Although the MnO,/G0O-94 composites show a
higher catalytic oxidation activity than that of the MnO,/GO-75
composites, the cyclic stability is weaker with a degradation
rate of 88.5 % after 5 circles. The reason is that massive MnO,
nanobranches are difficult to be dispersed by a spot of graphene
flakes. Therefore, after reactions, MnO, nanobranches become
pulverizing and stacking (Fig. S4, ESI), which has a large effect

This journal is © The Royal Society of Chemistry 2012
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on catalytic activity. Besides, structures and components of
MnO, remain unchanged, confirmed by XRD and XPS (Fig.S2
and S3 ESI). Certainly, for pure MnO, nanobranches, the rate
decreased sharply and only 75 % are left after cyclic tests. The
prove the novel B-MnO, nano-branched-graphene
composites show enhanced catalytic performances, which are
promising for wide practical applications.

results

3.5. Products Analysis after Reaction
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Fig.8. ESI-MS analysis on the solution during the reaction process after (a) 0 min,
(b) 1 min, (c) 10 min, (d) 30 min. Reaction conditions: [MB] = 65 mg~L'1, [H20,] /
[MB] = 20 mL/L, [Catalyst] = 0.5 g-L™, t = 25 °C.

To further define the relation between the degree of
discoloration and catalytic oxidation steps, products analysis
was conducted in the following work.

At first, UV-vis spectroscopy on MB solution was performed
at a specific reaction interval (Fig.S5, ESI). In 5 min, the
intensity of two characteristic peaks at 614 nm and 664 nm
decreased rapidly. These peaks disappeared as the solution
became colorless.

Then, the samples of various time intervals were analyzed by
ESI-MS and the results are shown in Fig. 9. The catalytic
oxidation process was originated from the breaking of chemical
bonds. Before decomposition, MB cations were detected with a
strong peak located at m/z = 284 amu (Fig. 8a). Only after 1
min, more peaks appeared, suggesting that the reactions were in
progress (Fig. 8b). New peaks at m/z = 270, 256, 242 and 227
amu are potentially due to a N-demethylation oxidative
process.*> Other peaks at m/z = 174, 164, 153, 125, 121, 109
and 105 amu are attributed to the further oxidation of aromatic
rings during the oxidation process.*’ After 10 min, no peak at
m/z = 284 amu was detected, showing that MB was completely
oxidized into smaller fragments (Fig. 8c). Based on these peaks,
the molecular weight of the fragments is calculated to be lower
than 196, suggesting that the oxidative process had been
effective. The number of peaks in the spectra taken after 30 min
was less than those in 10 min (Fig. 8d). It proved that
intermediates were further oxidized into smaller molecules.

This journal is © The Royal Society of Chemistry 2012

Finally, inorganic ions, which were possibly generated during
the process, such as S0,%, NO;, CI', were detected by ion
chromatography. The concentrations of S0,%, NO;y, CI' in
solution after 30 min were of 5.36 ug-mL™, 11.88 ug-mL"' and
16.38 pg-mL”', respectively. These results suggest that the
sulfur and nitrogen atoms in MB molecule were completely
oxidized into inorganic ions.

4. Conclusion

Novel B-MnO, nano-branched-graphene composites were
fabricated by a controllable ultrasonic-assisted self-assembly
process. The B-MnO, nanobranches were interwoven with
graphene flakes to form a stable structure. The novel
composites show enhanced catalytic activity and good cyclic
stability in catalytic oxidation of MB model. The synergistic
effect of combining adsorption efficiency and catalytic
efficiency is outstanding. The designed process is cost-
effective, easy for scale-up and of mild reaction conditions.
These will provide the potential applications in catalytic
oxidation of other aromatic compounds. Besides, it also offers
new design ideas for the synthesis of graphene-based
composites.
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