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Abstract A series of ordered mesoporous carbons contain-
ing magnetic Ni nanoparticles (Ni-OMCs) with a variety
of Ni loadings was made by a simple one-pot synthetic
procedure through carbonization of phenolic resin-Pluronic
block copolymer composites containing various amount of
nickel nitrate. Such composite materials were characterized
by N2 sorption, XRD, and STEM. Ni-OMCs exhibited high
BET surface area, uniform pore size, and large pore volume
without obvious pore blockage with a Ni loading as high
as 15 wt%. Ni nanoparticles were crystalline with a face-
center-cubic phase and observed mainly in the carbon ma-
trix and on the outer surface as well. The average particle
size of Ni nanoparticles was dependent on the preparation
(carbonization) temperature and Ni loading; the higher the
temperature was used and the more the Ni was incorporated,
the larger the Ni nanoparticles were observed. One of the ap-
plications of Ni-OMCs was demonstrated as magnetically
separable adsorbents.

Keywords Ordered mesoporous carbon · Magnetic ·
Adsorbent · Nickel · Synthesis

1 Introduction

Ordered mesoporous carbons (OMCs) have recently at-
tracted much attention because of their structural regularity,
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chemical and thermal stabilities, and electrical conductiv-
ity (Liang et al. 2008). Incorporation of magnetic metal or
metal oxide nanoparticles into OMCs without the blockage
of mesoporosity is of great interest since it enables an al-
ternative and simple separation of OMCs by means of an
external magnetic field. Therefore, such composite mate-
rials are potentially useful as magnetically separable cata-
lysts (Lee et al. 2005b), catalyst supports (Lu et al. 2004;
Tian et al. 2007), and adsorbents (Cao et al. 2007b).

OMCs containing magnetic nanoparticles have so far
been prepared by two general methods. The first method
is to deposit or load magnetic nanoparticles on the pre-
synthesized OMCs, which are prepared using ordered meso-
porous silicas as the hard templates (Cao et al. 2007b;
Lee et al. 2005b; Lu et al. 2004; Tian et al. 2007). For
example, Lu et al. fabricated magnetic CMK-3 by deposit-
ing Co nanoparticles on the outer surface of a carbon/SBA-
15 composite with coating of a thin carbon layer on Co
nanoparticles to anchor them on the surface of CMK-3 and
to prevent dissolution by HF. This method could be sim-
plified by impregnation of a solution of iron salt or nickel
salt into the pores of C/silica composites or OMCs, fol-
lowed by the reduction of iron or nickel salt into magnetic
Fe3O4 (Lee et al. 2005b; Tian et al. 2007) or Ni nanoparti-
cles (Cao et al. 2007b), respectively. In the second method,
ordered mesoporous silicas were pre-loaded with magnetic
nanoparticles before filling the carbon precursor (Holmes
et al. 2005), or were impregnated with both the carbon pre-
cursor and metal salts. In the latter case, the reduction of
metal salts into magnetic nanoparticles occurred simultane-
ously with carbonization (Dong et al. 2007; Lee et al. 2005a;
Park et al. 2006). However, these synthetic routes consist of
multiple steps and require careful control of synthesis con-
ditions. Therefore, a simple approach to magnetic OMCs is
highly desirable.
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Recently, we and several other groups have developed a
soft-templating method for the preparation of OMCs by self-
assembly of phenolic resins and block copolymers (Liang
and Dai 2006; Liang et al. 2004; Liu et al. 2007; Meng
et al. 2005; Tanaka et al. 2005; Wang et al. 2008b; Zhang
et al. 2005). In the present work, we describe a facile one-
pot synthesis of OMCs containing magnetic Ni nanoparti-
cles (Ni-OMCs) based on the soft-templating method. Such
functional OMCs have been demonstrated to be magneti-
cally separable adsorbents.

2 Experimental

2.1 Synthesis of OMCs containing Ni nanoparticles
(Ni-OMCs)

Ni-OMCs were prepared by carbonization of polymeric
composites, which were obtained by self-assembly of in situ
formed phenolic resin and Pluronic block copolymer under
acidic conditions (Liang and Dai 2006; Wang et al. 2008b),
containing different amount of nickel nitrate. The polymeric
composites could be made in a wide range of compositions
(Wang et al. 2008b). In a typical synthesis, 2.2 g of resorci-
nol and 2.2 g of F127 (EO106PO70EO106, Aldrich) were dis-
solved in 18.0 mL of a mixed solution of HCl-EtOH-H2O
(mass ratio: 32 concentrated HCl:100 EtOH:90 H2O). To
this solution, 2.6 g of formaldehyde (37%) was then added.
After stirring for about 16 min at room temperature, the clear
mixture turned turbid, indicating the formation of RF-F127
nanocomposite and a phase separation. The polymer-rich gel
phase (Liang and Dai 2006) was collected in the bottom of
the centrifuge tube by centrifugation at 9500 rpm for 4 min
after the mixture was stirred for 40 min. The gel phase was
then re-dissolved in 3.6 g of ethanolic solution of nickel ni-
trate (Ni(NO3)2·6H2O, 5 wt%). The mixture was loaded on
a petri dish, air dried overnight, and then cured in an oven at
60 °C and 100 °C for 24 h each. Carbonization was carried
out under N2 atmosphere at 400 °C for 2 h with a heating
rate of 1 °C/min, which was followed by further treatment at
850 °C for 3 h with a heating rate of 5 °C/min. The Ni wt%
in the resulting Ni-OMC composite was calculated to be ca.
5% and the carbon material was denoted as Ni-C-ORNL-
1-5%. By the same way, Ni-OMC composites containing
various amounts of Ni were prepared and denoted as Ni-
C-ORNL-1-10% and Ni-C-ORNL-1-15%. For comparison,
C-ORNL-1 without Ni was also made.

2.2 Characterization

N2 sorption analysis was performed on a Micromeritics Ger-
mini analyzer at −196 °C (77 K). Prior to measurement, the
sample was dried in a vacuum oven at 120 °C overnight.

The specific surface area was calculated using the BET
method from the nitrogen adsorption data in the relative
range (P/P 0) of 0.06–0.30. The total pore volume was de-
termined from the amount of N2 uptake at P/P 0 = 0.95.
The micropore volume was calculated from the intercept of
the V–t plot, where the t values were calculated as a func-
tion of the relative pressure using the de Bore equation,
t/Å = [13.99/(log(P0/P ) + 0.0340)]1/2. The pore size dis-
tribution (PSD) plot was derived from the adsorption branch
of the isotherm based on the Barrett-Joyner-Halenda (BJH)
model. XRD patterns were recorded on a Siemens D5005
diffractometer operating at 40 kV and 40 mA. Both SEM
and TEM images were taken on a Hitachi HD-2000 STEM
microscope operating at 200 kV under SE and TE modes,
respectively.

2.3 Adsorption test

Ni-C-ORNL-1-10% (10 mg) and 10 mL of aqueous solu-
tion of Rhodamine B with various concentrations (0.05–
0.2 mg/mL) were mixed and shaken at room temperature
for 2 h. The dye loaded Ni-C-ORNL-1-10% was separated
by an external magnet or by centrifugation. The concentra-
tions of Rhodamine B remained in the solutions were de-
termined spectrophotometrically by measuring the UV ab-
sorbance at 554 nm using a Cary 5000 UV-Vis-NIR spec-
trophotometer (Varian Inc.). The amounts of Rhodamine B
adsorbed by Ni-C-ORNL-1-10% were calculated by the dif-
ference of concentrations before and after adsorption.

3 Results and discussion

Figure 1 shows the small-angle XRD patterns of C-ORNL-1
and Ni-OMCs. C-ORNL-1 displays three well-resolved
peaks, which are indexed to the 100, 110, and 200 reflec-
tions of the 2D hexagonal symmetry (p6mm), suggesting

Fig. 1 Small-angle XRD patterns of C-ORNL-1 and Ni-OMCs
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Fig. 2 Wide-angle XRD patterns of Ni-C-ORNL-1-5% (A) heated
at elevated temperatures, from 400 to 850 °C, and of C-ORNL-1 and
Ni-OMCs (B) prepared at 850 °C. The peaks arose from graphitic car-
bon are marked by asterisk

an ordered mesostructure. However, all of Ni-OMCs sam-
ples show only the 100 reflection and the intensities of this
peak are weaker than that of C-ORNL-1, indicating a less
ordered hexagonal mesostructure than that of C-ORNL-1.

The wide-angle XRD pattern of Ni-C-ORNL-1-5% ther-
mally treated at 400 °C (Fig. 2a) shows three peaks at
44.5◦,51.8◦, and 76.4◦, revealing the characteristics of face-
centered cubic (fcc) nickel, while no nickel carbide or nickel
oxide is detected. It has been shown that carbonization
of sucrose in the presence of nickel salt with SBA-15 re-
sulted in CMK-3 containing NiO nanoparticles rather than
Ni nanoparticles embedded into carbon framework (Cao
et al. 2007a; Li et al. 2006), although thermodynamically
NiO nanoparticles could be reduced into Ni by carbon. Only
a small fraction of NiO could be reduced to Ni when the
carbonization temperature was increased to 1000 °C, which
was probably due to the passivation and stabilization of
NiO nanoparticles via reducing the surface energy of NiO
by the carbon framework (Li et al. 2006). The exact rea-
son still remained unclear. Therefore, OMCs containing Ni

nanoparticles were prepared through H2 reduction of NiO-
OMCs composites (Huwe and Fröba 2007) or impregnation
of CMK-3 with nickel salt followed by carbonization in an
inert gas atmosphere (Cao et al. 2007b). On the contrary to
the above results, in the current study, the formation of Ni
nanoparticles was observed when the polymeric gels con-
taining nickel nitrate were heated even at 400 °C in an inert
gas atmosphere. The formation of nickel metal nanoparti-
cles was realized through reduction of nickel salt by prob-
ably CO, H2, or other reducing species, which were gener-
ated during decomposition of block copolymer and pyrol-
ysis of phenolic resin (Wang et al. 2008b). Increasing the
carbonization temperature resulted in an increase in the in-
tensities of Ni XRD peaks (Fig. 2a), which was likely at-
tributed to the aggregation of Ni nanoparticles. As expected,
increasing the Ni-loading in the Ni-OMCs also led to an in-
crease in the intensities of Ni XRD peaks (Fig. 2b). In addi-
tion, an individual diffraction peak of graphitic carbon at 2θ

around 26◦(002) was observed for the Ni-OMCs with high
loading of Ni (i.e., Ni-C-ORNL-1-10% and Ni-C-ORNL-
1-15%). According to previous studies (Meng et al. 2005;
Wang et al. 2008b; Zhang et al. 2005), the treatment of
the Pluronic block copolymer-phenolic resin composite at
400 °C in an inert gas atmosphere led to the formation of a
mesoporous polymer. Therefore, one of the unique features
of the method described here is to allow the preparation of
ordered mesoporous polymers containing Ni nanoparticles
as well as other metal and metal oxide nanoparticles.

Figure 3 shows the N2 sorption isotherms and the BJH
pore size distribution plots of C-ORNL-1 and Ni-OMCs. All
of these materials exhibit typical type IV isotherms with a
steep condensation step at relative pressures (P/P0) of 0.5–
0.75 and a type H1 hysteresis loop, indicating the presence
of uniform mesoporosity. As listed in Table 1, Ni-C-ORNL-
1-5% exhibits a comparable BET surface area (660 m2/g)
and total pore volume (0.68 cm3/g) to those of C-ORNL-1.
However, there is a decrease in BET surface area and to-
tal pore volume as the loading of Ni increases in Ni-OMCs,
which is likely due to the increased mass as a result of incor-
porating Ni nanoparticles and/or the blockage of mesopores
by Ni nanoparticles. Notably, Ni-C-ORNL-1-15% shows a
tardy desorption branch, clearly indicating a blockage of
mesopores. Further increasing the loading of Ni in the poly-
meric gels leads to gradual degradation of the ordered meso-
structures of the Ni-C composites (data not shown).

The dispersion and sizes of Ni nanoparticles within the
carbon materials were investigated using TEM. Figure 4
shows the typical TEM images of Ni-C-ORNL-1-5% pre-
pared at elevated temperatures. The dark spots with diame-
ters ranging from 30 nm to 200 nm are Ni nanoparticles and
the stripe patterns are assigned to the lattice fringes of the
hexagonal mesostructure. The distribution of Ni nanoparti-
cles is approximately homogeneous and the Ni particle sizes
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Fig. 3 N2 sorption isotherms
(A) and BJH pore size
distribution plots (B) of
C-ORNL-1 (◦),
Ni-C-ORNL-1-5% ( ),
Ni-C-ORNL-1-10% ( ), and
Ni-C-ORNL-1-15% ( ). For
clarity, the isotherms (A) of
Ni-C-ORNL-1-5%,
Ni-C-ORNL-1-10%, and
Ni-C-ORNL-1-15% are
vertically upset by 150, 300, and
450 cm3 STP/g, respectively.
The PSD plots (B) of
Ni-C-ORNL-1-5%,
Ni-C-ORNL-1-10%, and
Ni-C-ORNL-1-15% are
vertically upset by 2, 4, and
6 cm3/g·nm, respectively

Table 1 Structural properties of C-ORNL-1 and Ni-OMCsa

Material SBET(m2/g) V t(cm3/g) V m(cm3/g) w(nm)

C-ORNL-1 641 0.69 0.19 7.4

Ni-C-ORNL-1-5% 660 0.68 0.21 6.8

Ni-C-ORNL-1-10% 561 0.62 0.17 7.4

Ni-C-ORNL-1-15% 497 0.46 0.17 6.3

aSBET: BET surface area; V t: total pore volume; V m: micropore volume; w: BJH pore size

are quite uniform for Ni-C-ORNL-1-5% heated at 400 °C.
The Ni nanoparticles are mostly in quasi-spherical shape al-
though some other morphologies are also observed. Inter-
estingly, it is clearly seen that the Ni particle sizes increase
gradually as the preparation temperature is increased. In ad-
dition, the Ni particle size distribution becomes broader for
the samples prepared at higher temperatures than the one
prepared at 400 °C. The histograms for the particle size dis-
tribution are plotted by counting more than 100 Ni particles
from the TEM images, and the average particle sizes are es-
timated to be 48 nm at 400 °C, 83 nm at 600 °C, and 101 nm
at 850 °C, respectively. The results indicate that smaller Ni
nanoparticles are tended to aggregate with neighbors to form
bigger ones at elevated temperatures, as revealed in Fig. 4B,
in which the aggregation of two particles is marked by an
arrow. The dependence of metal nanoparticle sizes in the
carbon matrix on the preparation temperature has also been
found by others (Park et al. 2006).

The average size of Ni nanoparticles increases as the
Ni loading in Ni-OMCs is increased, reaching a value of
114 ± 34 nm for the sample Ni-C-ORNL-1-10% (Figs. 5A,
5B, and 5C). After carefully comparing the SEM and TEM
images of Ni-C-ORNL-1-10% on the same area, one can
find that a small portion of Ni nanoparticles is decorated
on the outer surface of the Ni-C composite, as indicated
by circles in Figs. 5A and 5B. This phenomenon is hardly
observed for Ni-C-ORNL-1-5%. Moreover, the 2D hexago-
nal mesostructure of Ni-C-ORNL-1-10% is clearly observed
(Fig. 5C). In the case of Ni-C-ORNL-1-15%, the particle
size distribution of Ni nanoparticles is very broad, ranging
from 30 nm to hundreds of nm. A comparison of the SEM
and TEM images of Ni-C-ORNL-1-15% on the same area
reveals that a significant portion of Ni nanoparticles is lo-
cated on the outer surface and formed as very large aggre-
gates, such as those shown by circles in Figs. 5D and 5E.
The formation of large Ni aggregates on the outer surface
decreases the content of Ni inside the carbon particles, and
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Fig. 4 Typical TEM images of Ni-C-ORNL-1-5% heated at different
temperatures: (A) 400 °C, (B) 600 °C, and (C) 850 °C. The scale bar is
150 nm. The histograms show particle size distributions of Ni nanopar-
ticles, as estimated from the TEM images

thus probably it is the reason for the observation of consid-
erable amounts of small Ni nanoparticles (e.g. 30 nm). Such
large Ni aggregates on the outer surface may also limit the
diffusion of guest molecules into and out from mesopores, as
suggested by the N2 desorption behavior (Fig. 3A). In addi-
tion, a wormy mesostructure (Fig. 5F) as well as 2D hexag-
onal mesostructure (Fig. 5E) is observed for Ni-C-ORNL-1-
15%, which is in agreement with its broad XRD peak at 2θ

around 0.8◦ with low intensity (Fig. 1).
OMCs containing Ni nanoparticles are expected to be

good magnetically separable catalysts, catalytic supports,
and adsorbents. One of these applications was demon-
strated by using Ni-C-ORNL-1-10% as an adsorbent for
the adsorption of Rhodamine B from aqueous solution.
Figure 6A shows an aqueous solution of Rhodamine B
(0.1 mg/mL). After the addition of Ni-C-ORNL-1-10%,
the solution changed its color from red to colorless within
minutes, indicating a quick uptake of Rhodamine B by
Ni-C-ORNL-1-10%. The dye loaded Ni-C-ORNL-1-10%
could be easily separated from the solution by an exter-
nal magnet, as shown in Fig. 6A. The colorless solution
could be decanted off and the adsorbent could be recov-

Fig. 5 Typical SEM and TEM images of Ni-C-ORNL-1-10% (A,
B, and C) and Ni-C-ORNL-1-15% (D, E, F). Images A and B of
Ni-C-ORNL-1-10%, D and E of Ni-C-ORNL-1-15% are taken on the
same areas under the SE and TE mode, respectively

ered by washing with ethanol. The adsorption capacity
of Rhodamine B on Ni-C-ORNL-1-10% is determined to
be 166 mg/g (Fig. 6B). It should be noted that the ad-
sorption capacity of Rhodamine B on carbon materials is
dependent on the structural properties of carbon materi-
als, pH, and temperature (Arivoli and Thenkuzhali 2008;
Guo et al. 2005) and is not the focus of the current study.

4 Conclusion

Ordered mesoporous carbons with Ni nanoparticles (Ni-
OMCs) have been prepared using a simple one-pot syn-
thetic procedure, which employs the carbonization of phe-
nolic resin-Pluronic block copolymer composites containing
nickel nitrate in an inert gas atmosphere. Ni-OMCs exhibit
uniform PSDs for mesopores, high BET surface area, and
large pore volume. Ni nanoparticles, ranging from tens of
nm to hundreds of nm, are found to be embedded in the car-
bon framework and also located on the carbon outer surface.
The application of such materials as magnetically separable
adsorbents for removing Rhodamine B from aqueous so-
lution was demonstrated. Such magnetic composites could
also be used as adsorbents for other molecules, such as large
biomolecules. Upon functionalization of carbon surface (Li
and Dai 2005; Li et al. 2005; Wang et al. 2007, 2008a) or
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Fig. 6 (A) A digital graph shows an aqueous solution of Rho-
damine B (0.1 mg/mL, left) and separation of dye loaded Ni-OMC
by a magnet (right). (B) Adsorption isotherm of Rhodamine B on
Ni-C-ORNL-1-10% as a function of concentration at equilibrium

loading of nano catalysts into the carbon matrix (Lu et al.
2004; Tian et al. 2007), Ni-OMCs hold great promise as
magnetically recoverable catalysts or catalyst supports. The
method described here could be applied to prepare ordered
mesoporous carbons containing other metal and metal oxide
nanoparticles.
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