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High surface area graphitic carbons are of great interest in emerging applications including catalysis
and energy storage because of the well-developed crystalline structure, high electronic conductivity and
thermal stability, and satisfactory oxidation resistance at low temperature. We have developed the synthesis
of porous graphitic carbon with a large and accessible surface area via synthesis of carboxyl-containing
polymer particles, followed by ion exchange and pyrolysis at low temperature®@b0 he evolution
of the graphitic structure together with mesoporosity is temperature dependent, as revealed from the
results of X-ray diffraction, transmission electron microscopy, and nitrogen sorption measurement.
Specifically, the development of mesoporosity resulting from continuously catalyzed carbonization by
the in situ formed cobalt nanoparticles can be clearly recognized. Further nitric acid oxidation leads to
an increase of the pore volume due to the removal of cobalt nanoparticles and opening of closed pore
entrances. Moreover, the use of silica as the isolating shell facilitates the formation of high surface area
graphitic carbon. Magnetization measurements show that the graphitic carbon/cobalt composites exhibit
ferromagnetic properties, and the cobalt nanoparticles are stable under air for more than 10 months without
degradation of their magnetic properties.

1. Introduction onions, are usually produced under harsh conditions, such

The discoveries of fullerenes and carbon nanotubes have®> /¢ disch_a_rge, laser evaporation, and_ thermal chemical
triggered intense research on nanostructured carbon material apor_depc_)smoﬁ.However, t_h_ese synthetic methods have
for possible applications as adsorbents, catalyst supports,'mItatlons n terms of ;calab|l!ty and economics becau_se of
electrode materials, and energy storage meMany studies the dem‘?‘”d'”g synthetic conditions an_d generally I.qw yields.
have been published on the control of the nanostructures OfConvent|oan mgthods for the preparation of graphitic carbon
porous carbons, including surface area, pore size, and natur ften require h|gh temperature treatment: Although heat
of the carbon framework, to meet the particular requirements zreat'ment at high temperature, normally higher than 2000
of specific applications.For the intended application fields C, 'S 'able to form porous carbo'n' with well-developed
the properties of the carbon play a critical role in determining graphmc_ orc_ier, SL!Ch r_eac“of‘. conditions are rathgr energy-
the performance of the systems. Specifically, porous graphitic and C?P't?"'”tens've? in addition, they lead to a significant
carbon shows advantages over amorphous carbon becausrtfdUCtlon N _the_surface area and pore volume of the porous
of the well-developed crystalline structure, high electronic carpon‘.‘ Activation p.roce.dures, usually used to prepare
conductivity and thermal stability, and satisfactory oxidation actwatedl parbons with high surface area, are not su!te}ble
resistance at low temperature as well. Thus, the synthesis oifor graphitizable car_bgns, because these carbons are d|ff|gult
porous graphitic carbon with a large and accessible surface!© Penetate for gasifying agents, which prevents the g:reatlon
area is of great interest in the applications listed above. of pores. Consequeptly, the development of porosity is poor.

Nanostructured carbon materials with graphitic nature, Moreover, substantial mass loss ta.lkes place as a result of
including carbon nanotubes, carbon nanofibers, and carbonthe layer-by-layer etching of graphite by the_ act|v_e age_nt.
Over the last years, several methods, basically involving
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catalysis, adsorption, and electrode matefidsr instance,
after pyrolysis of supercritically dried carbon aerogels doped
with cobalt or nickel at 1056C the growth of graphitic nano-
ribbons with different curvatures is obsenfeBy heating

Chem. Mater., Vol. 18, No. 8, 2206/

water in the presence of MaOs; (98%, Fluka) with the €HgO, to
N&CO; molar ratio of 2:1 to form a clear, light orange colored
solution. After the addition of formaldehyde (37%, Fluka, the molar
ratio of dihydroxybenzoic acid to formaldehyde was fixed as 1:2),

Cr-, Fe-, Co-, or Ni-doped carbon aerogels higher than 1000 the solution was maintained at 8C for 24 h, and subsequently,

°C, graphitized domains with three-dimensional stacking
order can be formed in carbon aerogBly heat treating com-
posites made up of resorcinglormaldehyde gel, silica, and
transition-metal salt, followed by washing with NaOH solu-
tion and HNQ solution to remove silica and metal particles,
carbon nanocoils were generafed/e found that, by using
cobalt nanopatrticles as the sacrificial template and cetyltri-
methylammonium bromide (CTAB) as the surfactant and
carbon source, a graphitic hollow shell could be fabricated
after pyrolysis at 850C and following leaching of the cobalt
nanoparticles by acid solutidnGraphitized nanoporous
carbon with spherical pores was prepared by graphitization
at 2500°C of the pitch-based carbon obtained by using silica
colloidal crystal as templaté Ryoo’s group first synthesized
ordered mesoporous carbon with graphitic framework struc-
tures through in situ conversion of an aromatic compound,
acenaphthene, to mesophase pitch inside the silica tem
platest! However, for uses in catalysis, the structural
mesoscale ordering is in most cases not necessary.

1.5 g of surfactant CTAB (98%, ACROS) was added to the solution,
resulting in precipitation. The mother solution was aged at®@0

for 2 days. The precipitate was collected by filtration and washing.
After drying, the obtained polymer particles were immersed in a
cobalt nitrate solution with a concentration of 0.25 M under stirring
at 50°C for 12 h. Afterward, the polymer particles were collected
by filtration and washed intensively to remove the nonexchanged
cobalt cations. Subsequently, the?Gaontaining polymer patrticles
were heated to 158C for 4 h under an argon atmosphere and then
heated to 300C with a heating ramp of 2C/min. Finally, the
temperature was increased to the desired temperature with a heating
ramp of 5°C/min and maintained at this temperature for 2 h. The
obtained carbon/cobalt composites were denoted ax)G@liere

X indicates the pyrolysis temperature. To introduce oxygen-
containing functional groups on the surface of the carbon and to
remove cobalt, these samples were further treated with 53% of nitric
acid for 24 h at 60 or 100C. The carbon product was recovered
after filtration, washing with water and ethanol, and drying at 90
°C. The resulting porous carbons are denoted asda{; (vherein

x and y indicate the temperatures of pyrolysis and nitric acid

The synthetic processes qiSCUSSEd abpve eithef require highyxidation, respectively. The carbon yields are usually in the range
temperatures or are rather time-consuming, and in most casegf 30-40 wt % based on the mass of the starting polymer. For

cannot be applied for economical and large-scale production.

Therefore, the exploration of simple and scalable synthetic
procedures for graphitic, highly porous carbons is an
interesting task. Up to now, the synthesis of porous graphitic
carbon with high surface area and structural ordering at low

temperature is still a great challenge. In the present study,
we report the synthesis of high surface area graphitic carbon

by pyrolysis cobalt-containing polymer particles in which
the cobalt is atomically dispersed. The evolution of the

comparison, polymer which had not been subjected to cobalt
exchange was carbonized at the same conditions to examine the
structural difference. This sample was denoted)G(

2.2. Characterization.The samples were characterized by X-ray
diffraction (XRD), nitrogen sorption measurements, high-resolution
electron transmission spectroscopy (HRTEM), and so forth. XRD
patterns of all the samples were recorded with a STADI P
diffractometer (Stoe) in the Brag@Brentano (reflection) geometry.
Nitrogen adsorption isotherms were measured with an ASAP2010

graphitic structure together with substantial mesoporosity is a4sorption analyzer (Micromeritics) at liquid nitrogen temperature.
temperature dependent. This effect can be better followedpryior to the measurements, the samples before and after removal

in the present case than for carbon aerogfddoreover,
the use of silica as an isolating shell facilitates the formation
of high surface area graphitic carbon.

2. Experimental Section

2.1. Synthesis ProcedureThe carbon precursor, 1.75 g of
dihydroxybenzoic acid (#1504, 98%, Fluka), was dissolved in
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of cobalt particles were degassed at a temperature of @50r 6

h. All materials contained micropores, which prevents a proper
determination of their specific surface areas by the BET method.
Thus, only apparent surface areas are given, which were calculated
from the adsorption data in the relative pressure intervals from 0.04
to 0.2 using the BET method. Pore size distribution (PSD) curves
were calculated by the BJH (Barretioyner-Halenda) method
from the adsorption branch. The desorption branch which is
normally recommended was not used, because the closure of the
hysteresis loop at the capillary critical point jpfp, = 0.42 could

lead to artifacts for several of the samples. Thermogravimetic
analysis (TGA) was performed on a NETZSCH STA 449C
thermobalance. The measurement was carried out under air with a
heating rate of 10C/min. TEM images were obtained with a
HF2000 microscope (Hitachi), equipped with a cold field emission
gun. The acceleration voltage was 200 kV. Samples were prepared
on a lacey carbon grid. The IR spectra of acid oxidized carbons
were collected on a Magna-IR 750 Nicolet Fourier transform
infrared (FTIR) spectrometer. The samples were prepared as KBr
wafers, measured from 4000 to 400 ¢mAs a supplement, the
graphitic carbon/cobalt composites have been characterized by a
superconducting quantum interference device (SQUID) magnetom-
etry to investigate the magnetic properties.
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3. Results and Discussion 002)

3.1. Preparation of Porous Graphitic Carbon. It is
known that the solid content (ratio of polymer to solvent)
plays an important role in directing the polymerization
process toward a polymer gel or polymer nanoparticles. The
first aim of this work is to find the synthetic conditions where
polymer nanoparticles instead of polymer gel can be prepared
through wet chemistry. Therefore, the solid content, that is,
weight ratios of GHsO4 and formaldehyde to water, were
varied from 0.8 to 10%. To dissolve;/8:0, in water, Na-

CO; is needed to ionize the carboxyl group which results in
the formation of a clear solution. Polymer particles were
formed after addition of formaldehyde at the reaction
temperature of 80C. With water as the solvent, the solution
maintains the homogeneous liquid phase with a wine color,
as long as the solid content stays lower than 4 wt %; when
the solid content increases above 5 wt %, the solution will
become gel. However, by adding ethanol as the cosolvent,
the solid content can be increased to 6 wt % until gelation 30 30 40 30 6o

occurs; below this value, the solution is clear and transparent. 269

Light scattering analysis shows that at a solid content of 3 Figure 1. XRD patterns of graphitic carbons synthesized at different
wt % and with water as the solvent, the polymer particles conditions. For sample codes, see Experimental Section.

are in the size range of 50 nm. Longer reaction times result ] ] ] N

in agglomeration of the particles, which can be redissolved the presence of cobalt is crucial for the formation of graphitic
in ammonia solution. At a solid content of 4 wt % and with carbon. By combining the above results, it is clear that the
water/ethanol as the solvent, the polymer particles can peformation of the graphitic structure is facilitated by the
prepared with a size of 12210 nm, depending on the Presence of cobalt catalyst and is dependent on temperature.
reaction time. Considering the requirement to produce When the ion exchange process is used, the cobalt catalyst
polymer nanoparticles and achieve a reasonable yield for oneS dispersed homogeneously throughout the polymer particles,
reaction batch, we mainly investigated the polymer prepared@s revealed by the energy-dispersive X-ray (EBXEM

at a solids content of 4 wt % in the following experiments. analyses. This is advantageous compared to the mechanical

To collect these nanoparticles, a certain amount of Mixing method of cobalt salt and carbon precursor. The
surfactant CTAB was added to the solution, resulting in results demonstrate that graphitic carbon with a high
precipitation. After aging, the precipitate was collected by 9raphitization degree can be obtained at a low pyrolysis
filtration and washing with distilled water. The particles were témperature of 856C, which is much lower than 200,
ion exchanged with C6 solution, and the polymer particles the te_mperature normally required for the preparation of
were subjected to pyrolysis under an argon atmosphere. Thedraphite carbon.
obtained samples were characterized with XRD to identify =~ The nitrogen sorption isotherms of the samples are shown
the phases; pyrolysis at 70C leads to the formation of in Figure 2a, and the textural parameters are compiled in
amorphous material, for both GC(700) and GC(700)-80 and Table 1. The isotherms of samples pyrolyzed at temperatures
before and after cobalt leaching (Figure 1). No reflections exceeding 850°C show type IV character with a clear
which could be assigned to a cobalt phase are visible. Thishysteresis loop in the relative pressure range of-0.8,
indicates that the cobalt particles are either very small below indicating their mesoporous characteristics. After nitric acid
the detection limit of the XRD, or the reflections are hidden treatment, specifically when the temperature during the acid
by the background of the amorphous phase. In contrast, thetreatment increases to 10Q, the isotherm of GC(850)-100
XRD patterns of samples pyrolyzed at temperatures exceed+etains an identical shape, but with obviously increased
ing 850°C show well-resolved reflections. For example, in nitrogen uptake, indicating that pore opening occurs. The
the XRD pattern of GC(850) clear reflections can be assignedisotherm of sample GC(1000) pyrolyzed at 10@0is almost
to graphitic carbon and metallic cobalt. After treatment with identical in shape compared to that of GC(850), indicating
nitric acid, the reflections corresponding to the metallic cobalt that the graphitic structures formed at 850D are already
disappear, and only the reflections assigned to graphitestable and that almost no sintering effect occurs. Similarly,
remain, as can be seen for sample GC(850)-80, indicatingalso the acid treatment for GC(1000) leads to an increase in
that graphitic carbon is obtained at a pyrolysis temperature the adsorbed volume of sample GC(1000)-60. The apparent
of 850°C. Samples subjected to a pyrolysis temperature of surface areas of these carbons decrease after nitric acid
1000°C also show well-developed graphitic structure after treatment. However, the total pore volumes increase, as a
acid treatment, as reflected in the XRD pattern in Figure 1. result of the fact that the removal of cobalt nanoparticles
Only heating the same polymer particles without cobalt leaves some spaces which are in the detectable range of
cations to 850C leads to formation of amorphous material, nitrogen sorption. The decrease in the BET surface area and
as reflected in the XRD pattern of G(850), indicating that the changes in pore structure brought about by strong
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Figure 2. Nitrogen sorption isotherms (a) and PSDs (b) of graphitic carbons synthesized at different conditions. The isotherms of GC(850)-80, GC(850)-
, 150, 150, and®25 £BITP, respectively.

100, GC(1000), GC(1000)-60, and G(850) are offset vertically by 50, 125

Table 1. Texture Parameters of Graphitic Carbon/Cobalt
Composites and Graphitic Carbon$

sample Py{C) NA(°C) Ser(m2g™) Vie(cmig)
G(850) 850 319 0.153
GC(700) 700 338 0.160
GC(700)-80 700 80 0.9 0.001
GC(850) 850 266 0.192
GC(850)-80 850 80 245 0.199
GC(850)-100 850 100 141 0.205
GC(1000) 1000 267 0.174
GC(1000)-60 1000 60 299 0.208
*GC(850) 850 280 0.187
*GC(850)-80 850 80 278 0.230
GC-A 1000 303 0.276
GC-B° 1000 80 470 0.535

aNote: Py, pyrolysis temperature; NA, oxidation temperature of nitric
acid; Sset, apparent surface area calculated by the BET methiggltotal
pore volume atp/po = 0.9.° Sample first treated with NaOH aqueous
solution and then HN@solution.

oxidants may be attributed to some destruction of the pore
walls. Nitric acid at high concentration produces a destruction
of the pores. Moreover, the pore walls may collapse when
oxygenated terminal groups are created. It is generally
assumed and reported that relatively mild liquid phase
oxidations do not change significantly the texture of the

activated carbon’, although under more drastic conditions

Chem. Mater., Vol. 18, No. 8, 22080
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maximum around 2.2 nm. However, because the BJH
algorithm is not fully appropriate for this size range, this
number should be interpreted with caution. The high tem-
perature of nitric acid treatment results in the development
of pores around-56 nm, indicated by a shoulder of the PSD
of sample GC(850)-100. This might be due to the contribu-
tion of pores generated during the removal of cobalt
nanoparticles. It is noteworthy that pyrolysis at 700D of

the same polymer particles containing cobalt cations did not
result in the formation of any mesoporosity; the resulting
carbon is rather microporous with a type | isotherm (inset
in Figure 2a), and the apparent surface area is 33§.m
Similarly, the same polymer particles without cobalt cations
were pyrolyzed at 856C to result in carbon G(850), which
also shows a type | isotherm corresponding to a microporous
material (inset in Figure 2a). It is well-known that mi-
croporosity is usually generated during pyrolysis of a
polymer. After nitric acid treatment at 8TC, the sample
GC(700) loses almost all porosity, suggesting that the
microposity might be destroyed by acid oxidation through
the formation of an oxygen-containing group which could
block the micropore entrances. From the textural data, one
can conclude that during pyrolysis at 700, cobalt cations

a decrease in surface area and pore volume has been observédi€ not able to form big cobalt clusters (this will be further

while the average micropore width increases, due to the
collapse of the pore wallS.For the ordered carbon CMK-

discussed in the TEM characterization). Otherwise, the
removal of cobalt particles should have resulted in accessible

5, even complete structural disintegration has been reportedPorosity which would be detectable by nitrogen sorption. The

after treatment with hydrogen peroxiéfeThe calculated
PSDs of all the samples are shown in Figure 2b. Basically,
for all samples the pores are located predominantly in the

above results clearly prove that mesopores in graphitic carbon
were generated as a result of the influence of both the
existence of cobalt nanoparticles and suitable pyrolysis

lower mesopore/supermicropore range, with an apparenttémperature (at least 85C). At these temperatures cobalt

(12) Noh, J. S.; Schwarz, \Carbon199Q 28, 675.

(13) Moreno-Castilla, C.; Carrasco-MariF.; Maldonado-Hdar, F. J.;
Rivera-Utrilla, J.Carbon1998 36, 145.

(14) Lu, A.-H.; Li, W.; Muratova, N.; Spliethoff, B.; Schin, F. Chem.
Commun.2005 5184.

nanoparticles also catalyze the formation of the graphitic
nanostructure. According to the TGA results, the metallic
cobalt content is about 4.4 wt % (calculated from 6.1 wt %
of Co30,), which is too little to explain the formation of

mesopores, if each cobalt particle would be acting only as a
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is also the reason graphitic carbon is difficult to activate by
gas oxidation. It is necessary to point out that cobalt-
containing graphitic carbon GC(850) is more easily oxidized

100 4

a0
g at temperatures below 58C compared to the pure carbon

§ 60 4 G(850). This might be due to the catalytic oxidation by
= . metallic cobalt nanoparticles, which are accessible by oxygen
2 7 molecules and catalyze graphitic species into, @0ower

= 5 temperature; simultaneously (gradually), metallic cobalt

G(850) /‘ species are converted to oxides with reduced catalytic
0 [ — activity. High temperature prepared graphitic carbon GC-

: - : (1000)-60 shows better oxidation resistance than the one
0 20040 e B0 100 prepared at lower temperature GC(850)-80, which is due to
Temp. (°C) the different graphitization degree of these samples.

Z:]gd“rg(g's();GA curves of samples GC(1000)-60, GC(850)-80, GC(B50), 4 comparison, graphitic carbon was also prepared with
a higher loading of cobalt. The temperature of pyrolysis was
porogene. Therefore, the porosity must be formed by kept at 850°C, and the nitric acid treatment was performed
continuously cobalt nanoparticle catalyzed carbonization at at 80 °C. The samples before and after acid treatment are
high temperatures above 70C, similar to the effect of  denoted as *GC(850) and *GC(850)-80, respectively. TGA
carbon nanotube formation. This effect will be better (Figure 4a) shows that 9.8 wt % of cobalt oxides are left in
understood by the TEM investigations as discussed furtherthis graphitic carbon *GC(850), which corresponds to 7.1
below. wt % of metallic cobalt, assuming @0, as the oxide. XRD
It is generally accepted that graphitized carbons with a patterns (Figure 4b) reveal that the obtained carbon still
higher graphitization degree are more stable against airessentially has a similar graphitization degree but with clearly
oxidation. To study the resistance of our carbons, TGA distinguishable reflections assigned to metallic cobalt, cor-
analyses were performed for the obtained samples under airesponding to a relatively large particle size. This indicates
to examine the oxidation behavior of these porous carbons.a higher tendency toward sintering for cobalt particles at high
As seen in Figure 3, pure carbon G(850) is more rapidly cobalt loading. After the treatment with nitric acid, the
oxidized compared to the graphitic samples; that is, the reflections assigned to cobalt disappear, and only the
amorphous carbon is more easily oxidized with oxygen. This reflections belonging to the graphitic structure are observed,
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Figure 4. TGA curves (a), XRD patterns (b), nitrogen sorption isotherms (c), and PSDs (d) of graphitic carbon prepared at high cobalt loading. The asterisk

indicates the high loading, and the rest of the codes are the same as for other samples.
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100 nm

00 nm <10

Figure 5. TEM images of graphitic carbon GC(850)-100 (a, b), *GC(850) (c, d), and GC(700) (e, f).

indicating the complete removal of the cobalt nanoparticles particles with sizes of tens of nanometers are uniformly
by acid treatment even at high cobalt loading. Nitrogen sorp- distributed throughout the entire carbon particles. The graph-
tion isotherms (Figure 4c) are of type 1V, indicative of meso- itized structure of this sample can be clearly observed in
pores, similar to that of the GC(850) carbon. Again, the re- Figure 5d at high resolution. Not a single amorphous carbon
moval of cobalt nanoparticles leads to an increase of the clyster can be found, indicating the high graphitization degree
adsorbed volume of *GC(850)-80. Both samples have a nar- gng homogeneity of this cobalt catalyzed graphitized carbon.
row PSD arouqd 2.2 nm (Figure 4d), and the nitric acid treat- Ag discussed above, GC(700) shows amorphous and mi-
ment resulted in the development of pores arouné Bim, croporous characteristics. To monitor the state of the cobalt
which can be seen from the shoulder in the PSD of this Sam'species, this sample was also analyzed by TEM. Cobalt par-
ple. However, with respect to the textural data, the numerical ticles with the size of about 2 nm are present in the carbon
values should be treated with caution, as discussed above, . : .
matrix, which are homogeneously dispersed through the en-
To _obtaiq more detailed structgral .insight, the samples e sample (Figure 5e). As shown in Figure 5f, the cobalt
were investigated by TEM analysis (Figure 5). The sample 5 icles are crystalline, exhibiting lattice fringes. However,

GQ(§850)1-()1§% pyrolyz_ed”at ?15(&: and Wliizhedlwith dnitrig the carbon matrix is amorphous, which corroborates the XRD
acid at , essentially shows a well-developed turbo- result that, at 700C, the small cobalt particles do not induce

stratic graphite structure (Figure 5a). Cobalt (:oncentratlonsgraphitization of the carbon. Incidentally, however, this ob-

in the nitric acid oxidized graphitic carbon are below the . . . . . .
. : . . servation provides a recipe for the generation of highly dis-
detection level of EDX analysis, proving the effectiveness . . . .
persed cobalt particles in a carbon matrix, which may be

of the nitric acid washing step. At high resolution (Figure : " .
5b), a thin layer of amorphous carbon on the outer Surfacegenerallzable to other transition metals. By comparing the

of the graphitic carbon is discernible, probably as a result 2P0ve TEM analyses, one can conclude that the cobalt spe-
of the erosion effect of nitric acid. This is expected, because €1€S do not have any catalytic effect at temperatures below
the purpose of the acid oxidation is not only removal of the 700 °C. With the increase of the temperature from 700 to
cobalt particles but also opening of the closed pores, as850°C, the cobalt nanoparticles start to grow and simulta-
reflected from the nitrogen sorption analyses. To understandneously and continuously catalyze the conversion of the
how the cobalt particles are distributed in the carbon mater- amorphous carbon matrix to form graphitic carbon. This pro-
ials, the sample *GC(850), prepared at high cobalt loading, cess occurs within a rather narrow temperature window and
was investigated by TEM. As seen in Figure 5c, cobalt relatively short period.
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Figure 6. FTIR spectra of graphitic carbons before and after acid treatment.

FTIR spectroscopy was used to detect the development
of the surface functional groups of graphitic carbon during
nitric acid oxidation, and the corresponding FTIR spectra
of carbons before and after acid treatment are shown in Fi-
gure 6. After acid oxidation, one can see remarkable changes
in the spectra as compared to the original one (GC(850)).
Several new bands are present at 1716, 1580, and 1338 cm
associated with shoulders close to these new bands. GC-
(700)-80 shows more intense and more clearly resolved bands  (c)

than the carbons obtained at higher pyrolysis temperature. e |
This is due to the amorphous structure of GC(700) which is g ;:‘
more easily oxidized with nitric acid than graphitic carbon. i N GCB o ¥r
The band around 3412 crhis attributed to the-OH groups % 300 R
in the graphitic carbon. FTIR peaks appearing around 1720 = »*
cm ! can be assigned to the<® stretching vibrations from % 2004 i &
ketones or carboxyl groups. The band at 1230 toan be sl c.«_?
assigned to €0—C vibrations in ether structures. These S et ,aoaoogggggg'ggf&'“”
results indicate that there are some changes of the graphitic 100 oooaco—o-0-0asEage000000 T
carbon during oxidation with nitric acid. It is assumed that 1
these functional groups are predominantly present on the 0 — ; ;

00 02 04 06 0.8 10

external surface of the graphitic carbon, which is also

indicated by the thin amorphous layer seen in HRTEM. ) ) ) o

* The advantage of the synthetic pathway sed in this study F94e T, XED paters (@) TEM mages (o) nicogen sorpton sathers
is the fact that cobalt cations are homogeneously disperseds a layer of silica. Samples are labeled as GC-A (before acid treatment)
throughout the entire polymer particle. This is due to the and GC-B (after acid treatment).

uniform distribution of carboxyl groups within such a . .

polymer. However, sintering of the particles still takes place &S & Very fine powder. This sample was further treated by

during pyrolysis. To prevent this sintering, the synthesis of 10N &xchange with cobalt nitrate, followed by filtration,
a protective layer on the polymer particles seems to be aV@shing, drying, and pyrolysis at 100C to produce the
viable approach. Silica seems to be suitable for this: as it is Sllic@/carbon/cobalt composite denoted GC-A. This compos-

widely used in nanocasting processes, the silica-protecting!t€ Was treated with NaOH aqueous solution at'80for 2

layer could be easily dissolved by the NaOH solution in the d@ys to dissolve the silica layer, followed by nitric acid
end?s To test this idea, one batch of as-prepared polymer treatment at 80C for 24 h to remove the cobalt particles.

particles was added into a tetraethyl orthosilicate solution, | "€ obtained sample, denoted as GC-B, was characterized

using ammonia as the hydrolysis catalyst (&oprocess). by TGA, XRD, and nitrogen sorption measurements. The
To obtain well-dispersed nanosized polymer particles coated | A result of GC-B shows that the ash content is about 0.2
with silica, a lower solid content (1.2% ratio of polymer to Wt % indicating that nearly complete removal of cobalt and

water) was selected. The sample after this step is obtained®ilic@ had taken place. Comparing to pure carbon, GC-B
shows better oxidation resistance. While the pure carbon is

(15) (a) Lu, A-H.: Schith, F.C. R. Chim2005 8 609. (b) Yang, H.: Zhao, completely combusted at 62C€, GC-B still has nearly half
D. J. Mater. Chem2005 15, 1217. of the weight left at this temperature. This oxidation

p/pg
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resistance is due to the very well-developed graphitic o [—-— GC(8s0)
structure. The XRD pattern of GC-A (Figure 7a) shows —e—*GC(850)
reflections for the graphitic phase and cobalt as well as other 17 = 300K
unidentified phases. After the treatment with NaOH aqueous .
solution and nitric acid solution, respectively, the XRD )
pattern of GC-B clearly shows the existence of the graphite E 1

phase, and probably some amorphous material is presentag ° 7
well, according to a relatively high baseline between 20 and =~~~ / T 1=

30°. The TEM image in Figure 7b reveals that this sample b= ] /%
has abundant porosity in the mesopore range. Differing from j?
the structure of GC(850), sample GC-B exhibits very thin 1

carbon walls, as seen from the HRTEM image (Figure 7b, o s
inset). The carbon framework consists of nanosized graphitic

domains, enclosing pores with sizes in the range-e1@
nm. Thus, the results from XRD and TEM are consistent maghnetic field (Oe)

with each other. It is obvious that the difference between Figure 8. Magnetic hysteresis curves for the graphitic carbon/cobalt
GC(850) and GC-B is mainly due to the addition of silica composites recorded at 300caf K (in the inset).

during the polymer synthesis and higher graphitization 1416 2 Summary of Magnetic Properties of Graphitic Carbon/

-
1
I (emuig)

T T T T T T
-10000 -5000 0 5000 10000

temperature. Cobalt Composites

The nitrogen sorption isotherms of GC-A and GC-B are T=5K T=300K
presented in Figure 7c. Both samples exhibit type IV He Ms M, He Ms M,
isotherms with hysteresis loops, characteristic for mesopor- sample (kA/m) (A m?kg) (Am?kg) (kA/m) (A m?kg) (A m?kg)
osity. After leaching of silica and cobalt, the mesopore feature *Gc(8s50) 114 8.9 3.8 48 7.4 3
of GC-B is becoming more pronounced, as can be inferred G¢(850) 79 4.6 15 38 4.3 14

from the substantial uptake in the_pressu_r_e region above 0-5graphite shell with a thickness in the range of-B® nm,
and the_well_-developed hysteresis. Additional pronou_nce_d the presence of an exchange interaction between Co nano-
pores with sizes of around 6.5 nm appear after leaching in yaicles can be ruled out. A smaller cobalt particle size for
sample GC-B (Figure 7c, inset). As seen in Table 1, the BET )6 sample GC(850) leads to a reduction of the saturation
surface area and, especially, the total pore volume of GC-B agnetization and coercivity. As expected, the temperature
are remarkably high, due to the removal of silica and cobalt. 4ependence of the magnetization curves (zero-field and field-
This method may provide a synthetic pathway for the c,oleq in an applied field of 5 T) reveals no superparamag-
preparation of high surface area porous graphitic carbon with ,atic behavior below room temperature (data not shown).
small graphitic domains, which are c.onsidered' asa pos;ible—rhe magnetic stability for sample *GC(850) was checked
compromise between good electronic conductivity and high again over a time of 10 months. No degradation of the
surface area. magnetic properties was observed which proves that the
3.2. Magnetic Properties of the Graphitic Carbon/  cobalt particles are well-protected against oxidation in air
Cobalt Composite. XRD and TEM results of the cobalt- by the graphite matrix.
containing samples described above show that the cobalt An interesting feature of the carbon/cobalt nanoparticles
particles are crystalline. It would be interesting to know how was extracted from the field-cooled (in a magnetic field of
stable these cobalt nanoparticles embedded in graphite shellg T) hysteresis curves taken &t= 5 K (data not shown).
are. In the following, the magnetic properties of these Usually, one expects an oxide layer around each cobalt
materials together with their magnetic stability were inves- nanoparticle which can lead to an exchange coupling between
tigated. the ferromagnetic Co core and the antiferromagnetic CoO
Magnetic hysteresis loops measured at 300 arK for or Ca04 shell, called the exchange bias effécThis effect
GC(850) and *GC(850) are shown in Figure 8. Both samples is visible as a shift of the field-cooled hysteresis loop on the
are ferromagnetic, reaching saturation in magnetic fields of magnetic field axis. In the present case, no shift of the field-
around 1 T. Temperature dependent values of the coercivitycooled hysteresis loops was observed. The lack of the
(Ho), saturation K1s), and remanentM,) magnetization are  exchange coupling between the ferromagnetic core and the
listed in Table 2. The long-range magnetic order present in antiferromagnetic shell indicates that the Co nanoparticles
this system of carbon/cobalt nanoparticles is stabilized by are not surrounded by an oxide layer or the oxide layer is
the dipolar coupling between the particles. An estimate of very thin (less than 2 nm). The presence of an about 2 nm
the dipolar energy between two particles with an effective thick antiferromagnetic shell will lead to a measurable
magnetic moment of 5 10 ug, by assuming that all the  exchange bia¥. This measurement shows that the cobalt
particles possess the same magnetic moment aligned alongparticles exist in the metallic state instead of the oxidic state
the same axis, and located at a distance of 100 nm apartin graphitic carbon. Moreover, these metallic cobalt particles
from each other yields % 102! J (12 meV). This large
value of the dipolar strength explains very well the magnetic (16) Nogues, J.; Schuller, 1. KI. Magn. Magn. Mater1999 192, 203.
order measured even at room tem_pera_ture. As a result of " ﬁﬁggﬁ(‘j’g}ﬁm.;\Acla'ifiggm.g.';,\ﬂzzrrlf'M“;anBﬁifégO& 2%%&'2?2‘ v
the fact that each cobalt nanoparticle is surrounded by a  1508.
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are very stable in air because of the protection by the system open. Magnetization measurements show that the
graphitic carbon. graphitic carbon/cobalt composites exhibit ferromagnetic
properties and that the cobalt nanopatrticles are stable in air
for more than 10 months without degradation of the magnetic
properties, which proves the excellent protection of the cobalt

High surface area graphitic carbon has been preparedpartICIeS by the graphitic carbon shell
through polymer synthesis, ion exchange, and pyrolysis. Acknowledgment. The authors would like to thank Mr.
Cobalt nanoparticles play an important role in the catalytic Goebels for SQUID measurements, the DFG for funds provided
formation of the graphitic nanostructure that is temperature Py the Leibniz-program, in addition to the basic funding from
dependent. Nitric acid oxidation can completely remove the e Institute.
cobalt nanoparticles at low temperature and leave the poreCM060135P

4. Conclusion



