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Abstract

Ordered mesoporous carbons doped with MnO nanoparticles (DCs) have been prepared by direct carbonization of a composite of a reverse
copolymer-low-molecular-weight phenolic resin dipped in aqueous Mn(NO3), solution. The microstructure of the DCs was analyzed by the
small-angle X-ray scattering, X-ray diffraction, nitrogen adsorption isotherms and transmission electron microscopy. The results showed that the
size of MnO nanoparticles dispersed on the surface of DCs was about 10—50 nm and the pore size of DCs could be tailored from 4.9 to 9.3 nm as
the amount of phenolic resin varied. Moreover, the structure of the DCs obtained was stripe-like at low amount of phenolic resin. However, the
structure of the DCs becomes disordered as the amount of phenolic resin increases. Because of its nontoxic nature and cost-effective synthesis,
these DCs exhibit properties that are needed for an environment-friendly catalyst and electrode materials.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Mesoporous carbon materials have many unique properties
such as high surface area, high chemical stability and high
conductivity [1-3] that make them have potential application
in many potential fields including macromolecules or heavy
metal ion adsorption/separation [4—6], catalyst support [7,8],
energy storage and conversion [9,10] and so on. Convention-
ally, mesoporous carbon materials were prepared by the hard
templating method and have obtained great success in pore
size and structure control [11-16]. For example, the hierarch-
ical porous graphitic carbon materials were prepared using Ni
(OH), as hard template and phenolic resin as carbon precursor
by Cheng et al. [11]. Babi¢ synthesized new mesoporous
carbon through curing the SBA-15/carbon cryogel nanocom-
posites by the hard templating procedure [15,16]. However,
because of the disadvantages such as cost, long time and
environment polluted. Therefore, scientists were always trying
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to find an alternative method to synthesize the mesoporous
carbons with controllable pore size and structure [17-19].
Fortunately, inspired from the synthesis of mesoporous silica
by the soft-templating strategy, this strategy has also been
employed to synthesize mesoporous carbons and has also
made numerous achievements [20-34]. Up to now, various
mesoporous carbon materials including pémm [20,22], Im 3m
[21], Ia3d [23], Fm3m [24] and Fd3m [33] symmetries have
been synthesized by the soft-template strategy with triblock
copolymers as structure directing agent.

Recently, hybrid supercapacitors have received considerable
attention owing to their high specific power and longer life
cycle compared to rechargeable batteries and higher specific
energy compared to conventional capacitors [35—42]. Among
them, mesoporous carbons doped with MnO, based super-
capacitors can store energy through either or both of double
capacitance (adsorption/desorption of ions at the electrode/
electrolyte interface) and pseduocapacitance (intercalation/
deintercalation of cations into/from the oxide lattices) accom-
panied by the redox reactions [40—42]. Furthermore, MnO, are
popular because of their abundant resources, affordable
production and low environmental impact and have been used
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in other applications such as electrode materials of lithium
battery [43], catalysts [44], capacitive deionization [45] and
sensors [46]. However, very few papers have done the work on
mesoporous carbons doped with MnO nanoparticles (DCs),
which may lead to some interesting application area such as
supercapacitors and lithium-ion battery under consideration of
combination by the advantages of mesoporous carbons and
MnO nanoparticles [47]. Therefore, it still remains a great
challenge to prepare DCs with high quality mono-phase MnO
nanoparticles due to the uncontrollable phase transformation of
multivalent manganese oxides.

In this study, we present a facile method to synthesize the
DCs by direct carbonization of a composite of a reverse
copolymer-low-molecular-weight phenolic resin dipped in
aqueous Mn(NOsj), solution. Furthermore, the amount of
phenolic resin on the pore size and structure of DCs was
studied. This protocol is easy, repeatable.

2. Experimental
2.1. Synthesis of DCs

General procedure: typically (DCs-1), 1.0 g of copolymer
(POy7EO;3¢POy7) was dissolved in 15 g ethanol under magnetic
stirring at 30 °C. Low-molecular-weight phenolic resol precurors
were prepared as previously reported with some modification
[21,33]. A typical procedure is as follows: 0.5 g of phenol was
melted at 45 °C before 0.1 g of NaOH aqueous (20 wt%) was
added into it with stirring. 1.1 g of formalin (3740 wt%) was
added dropwise, and the mixture was stirred at 75 °C for 60 min.
After cooling the mixture to room temperature, the pH of the
reaction was adjusted to neutral (7.0) using 2.0 M HCI aqueous
solution. Water was then removed under vacuum below 50 °C
for 2 h. and was added dropwise to the above ethanol solution
containing copolymer, further stirred for 10 min. The solution
was transferred to a dish and the ethanol evaporated at room
temperature over 8 h to produce a transparent membrane. The
membrane was cured at 100 °C for 24 h in air for further
thermopolymerization. Then the membrane was dipped into the
aqueous Mn(NOs3), solution for 8 h and taken out and it was
cured at 100 °C for 10 h. Finally, the product was carbonized at
800 °C for 2 h, with a heating rate of 1 °C min~" under nitrogen
atmosphere. (These samples were abbreviated as DCs-X, X=1, 2,
3 and 4, they were nominated corresponding to the different
weight compositions were in the range of phenol/formaldehyde/
NaOH/template=0.5:0.42:0.04:1, 0.8:0.77:0.07:1, 1.2:1.0:0.10:1,
1.5:1.26:0.13:1).

2.2. Characterization of DCs

Small angle X-ray scattering (SAXS) recorded by using an
imaging plate with X-ray wavelength of A=1.38 A at beam line
4B9A of the Beijing Synchrotron Radiation Facility. The
X-ray powder diffraction (XRD) patterns of the products were
provided using a Bruker D8 advanced X-ray diffractometer
equipped with graphite-monochromatized Cu Ko radiation
(A=1.5418 A). Transmission electron microscopy (TEM)

measurement was conducted by using a Hitachi H-800.
The samples were prepared by dispersing the products in
ethanol with an ultrasonic bath for 30 min and then a few
drops of the resulting suspension were placed on a copper grid.
Nitrogen adsorption—desorption isotherms were performed at
77K on a TriStar 3000 volumetric adsorption system. The
specific surface area was calculated from the adsorption data in
the relative pressure interval from 0.05 to 0.35 using the
Brunauer—-Emmett-Teller (BET) method. The pore size dis-
tribution curve was obtained from adsorption branch by using
the Barrett—Joyner—Halenda (BJH) method. The total pore
volume (Vi,,) Was calculated at the relative pressure of 0.99.
The micropore volume (Vo) Was determined by t-plot
model, and the mosoporous volume (V,.s) was calculated
by the difference of Vig and Viicro-

3. Results and discussion

Fig. 1 shows the SAXS patterns of samples prepared under
addition of various amounts of phenolic resin. It can be seen
that the microstructure of DCs varies as the different amounts
of phenolic resin are used. For example, for DCs-1-2 with the
ratio 0.5:0.42:0.04:1 or 0.8:0.77:0.07:1, both samples give one
sharp peak in the small angle area suggesting these two
samples have ordered structure. However, when the ratio
increases to 1.2:1.0:0.10:1 or 1.5:1.26:0.13:1 for DCs-3-4,
both of them show wide peaks in small angle area suggesting
the pore structure of them becomes disordered.

We use XRD measurements as a qualitative analytical tool
for phase identification of MnO nanoparticles of the DCs-X
shown in Fig. 2. Five characteristic peaks with marked crystal
faces at 20=34.9°, 40.6°, 58.6°, 70.2° and 73.7° can be
assigned to be (111), (200), (220), (311) and (222) planes,
which are in good agreement with the cubic Fm3m (225) space
group MnO (JCPDSC no. 07-0230), cell parameters:
a=0.4445 nm. The (200) peak is very strong, which may be
due to the perfect crystalline of MnO nanoparticles. No
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Fig. 1. SAXS patterns of DCs-X prepared under various amounts of
phenolic resin.
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reflection related to Mn(NOs), and carbon was observed,
indicating that dispersing the MnO nanoparticles on the surface
of mesoporous carbons was achieved and the amorphism of
the pore wall of the DCs which is also the phenomenon for
most mesoporous materials.

200
111
1 220 311 222
d l ) N
3
«
z| l Lo
=
b N
a g___k A
20 40 60 80

Fig. 2. XRD patterns of DCs-X prepared under various amounts of
phenolic resin.

Fig. 3 shows the typical TEM images of DCs-1. Stripe-like
pore structure can be observed from this sample shown in
Fig. 3a and b, indicating that the DCs-1 has ordered pore
structure. The grain size of MnO nanoparticles is about
10-50 nm but they are not evenly distributed on the pore wall
of mesoporous carbons. The high-resolution TEM image
(shown in Fig. 3c) and corresponding Fourier diffractograms
fourier transform the selected area (shown in Fig. 3d) show the
detailed structure of the MnO nanoparticles. The spacing of the
clear lattice fringes in Fig. 3¢ was found to be about 0.256 nm,
which was coincident with the (111) d-value of MnO. The
TEM images of DCs-2 are demonstrated in Fig. 4. It can be
seen that DCs-2 also has the ordered stripe-like pore structure.
The grains particles are about 50 nm even while dispersed on
the surface of mesoporous carbons. Fig. 4c and d shows the
detailed structure of MnO nanoparticles, and the lattice fringes
that can be clearly distinguished confirming the crystalline
nature of MnO nanoparticles as well.

The formation mechanism of MnO nanoparticles can be
understood by considering the chemical reaction during the
carbonization process. Mn(NO3), was decomposed at high
temperature, according to the following reaction: 2Mn\
(NO3) ,—»2MnO+2NO,+0,. Meanwhile, the oxygen

1/nm

Fig. 3. TEM images of DCs-1.
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Fig. 4. TEM images of DCs-2.
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Fig. 5. N, adsorption/desorption isotherms (a) and the corresponding BJH pore size distribution and (b) of DCs-X prepared under various amounts of

phenolic resin.

may react with the mesoporous carbons. That is to say the
oxygen possibly also has the effect of expanding the pore size
of mesoporous carbons during the carbonization.

Fig. 5(a) shows the nitrogen adsorption/desorption isotherms
of the DCs-X. All samples have the typical IV type hysteresis,
indicating that the samples are characteristic mesoporous

materials. The corresponding BJH pore size distributions are
shown in Fig. 5(b). It can be observed that the pore size
distribution can be tailored from 4.9 to 9.3 nm as the amount
of phenolic resin increases, which is different from that of
ordered mesoporous carbons previously reported [33], further
confirming the effects of expanding the pore size of
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Table 1
Pore parameters of DCs-X prepared under various amounts of phenolic resin.

Sample Sger (m/g) Viow (em’/g) Vinicro (cm’/g) Vineso (em’/g) Ratiogeso (%)
DCs-1 304 0.28 0.07 0.21 75
DCs-2 234 0.33 0.03 0.30 90
DCs-3 161 0.22 0.03 0.19 86
DCs-4 132 0.16 0.02 0.14 88

Ratiomeso = (Vtotal_ micm)/thal-

mesoporous carbons of oxygen generated by decomposition of
Mn(NOs),. Table 1 shows the parameters of DCs-X, it can be
obviously observed that the obtained DCs have high surface
area and great pore volume. However, the surface area and
pore volume decrease as the amount of phenolic resin increase.

4. Conclusion

In conclusion, the DCs with tunable pore size from 4.9 to
9.3 nm have been successfully prepared by direct carboniza-
tion of a composite of a reverse copolymer-low-molecular-
weight phenolic resin dipped in aqueous Mn(NO;), solution.
The results showed that the structure of the DCs obtained has
the transformation from stripe-like structure to disordered
structure. The DCs possess great potential applications in
catalysis, separation and energy storage and conversion fields.
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