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Ultrafine magnetic metal dispersed carbons
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Transition metal (Fe, Co or Ni) dispersed carbon composites were prepared using the
mixtures of metal acetylacetonate complex as a source of metal particles and an
anisotropic coal-tar pitch as a carbon matrix precursor by heat treatment at the
temperatures up to 1000°C. Mixing of the metal complexes and the pitch by dissolving in
quinoline permitted the notable fine dispersion of the complex in the pitch. Then the
resulting mixtures were easily converted to the metal dispersed carbons by pyrolysis under
an inert atmosphere. The appeared particles were Fes04/a-Fe/FesC, 8-Co or Ni when using
the corresponding metal complex. Besides, their particle diameters were much less than
30 nm and distributed evenly throughout the carbon matrix. The magnetic properties of the
metal dispersed carbons were evaluated with a vibrating sample magnetometer, and it was
found that saturation magnetization and coercive force ranged from 1.03 x 107° to

5.65 x 10~° Wb - m/kg and from 0.21 x 10* to 3.06 x 10* A/m, respectively.
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1. Introduction

Metal dispersed carbons are versatile composite ma-
terials because of novel chemical properties of carbon
as a support material [1-3]. Especially, many work-
ers have been focused their attention to use them for
catalysts. There are numerous methods for applying
metals to carbon body, such as ion exchange [4—7], im-
pregnation [8—12] and other methods [13—15]. The aim
in these methods is how to disperse a metal (or metal
source) into a carbon body. Further, the carbons con-
taining finely dispersed ultrafine metal particles (less
than 100 nm in diameter) are expected to apply for
magnetic utilization or sensors depending on a kind of
the metal. Recent approaches are mainly using various
organometallic compounds such as metallocenes and
organometallic polymers [16-26]. They are specially
synthesized and used alone or together with other poly-
mer compounds for the source of carbon matrix. These
methods took advantage of an atomic level dispersion
of the metal species in the precursor polymers. In some
cases, finely dispersed metal in carbon certainly re-
sulted from these concepts. However, in not a few cases,
even atomic level dispersion cannot prevent the metal
particles from aggregating during pyrolysis. This is be-
cause that the organic polymers have relatively low car-
bonization yield (sometimes less than 20%) after heat
treatment. In addition, the heat treatment under a high
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pressure (>100 MPa) or with a very slow heating rate
(<0.5°C/min) was required in most cases. This causes
a difficulty in process and an increasing in the cost for
preparing a large amount of the metal dispersed carbon.
Another approach is to use a carbonaceous bitumen for
carbon precursor. Lately, the combination of an ordi-
nary coal-tar pitch and organometallic complexes has
been reported by Yasuda and co-workers [27-29]. They
widely examined a series of organometallic complexes
for a metal source, and succeeded in getting some suf-
ficient metal dispersed carbons. However no detailed
data for each case was reported. Especially, presented
TEM photographs were unfortunately only for limited
samples. Moreover, a low pitch used as carbon pre-
cursor is not always suitable for present purpose, for
instance, because of its low carbon yield.

Here, we should also note to use the precursor having
a higher carbonization yield so as to prepare sufficient
metal dispersed carbons. This concept is very important
for preventing appeared metal particles from aggrega-
tion. On the basis of this viewpoint, an anisotropic pitch
prepared from a coal-tar pitch was selected as the car-
bon precursor. This pitch will give more than 80 wt%
of the residual carbon after carbonization up to 1000°C
(higher than that of any other polymers), and, more con-
veniently, dissolves in quinoline completely. Besides,
we chose a metal acetylacetonate complex as the metal
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TABLE I Analytical values of anisotropic pitch used

Elements (wt%)

Insoluble fraction for solvent (wt%)

Softening Anisotropic
C H N Ouifr Quinoline Pyridine Xylene point (°C) content (%)
92.2 3.5 2.6 1.7 0.0 31.5 92.5 300 100

source because of its low molecular weight (heavy lig-
and hydrocarbons probably being the cause of low car-
bon yield), ease of handling, and availability for many
kinds of the coordinated metal.

The present study describes the preparation of the
magnetic metal (Fe, Co or Ni) dispersed carbons by
pyrolysis of the complex and pitch mixtures and the
characterization of obtained samples by means of sev-
eral analytical methods.

2. Experimental section

2.1. Materials

The anisotropic pitch used was prepared from a hydro-
genated coal-tar pitch by heat treatment. Whereas this
pitch throughout exhibits an optical anisotropic micro-
texture under a polarized light microscope, it is free
from a quinoline insoluble fraction. The elemental ana-
lysis data and solubility in several organic liquids of this
pitch are summarized in Table I. Three kinds of metal
acetylacetonate complexes [M(acac)] as an additive to
the pitch were used in the present study. Their coordi-
nated metal was iron(I1I) cobalt(III) or nickel(II). These
complexes were commercially available reagents sup-
plied by Dojindo Laboratories Co. Ltd. and employed
without further purification.

2.2. Preparation and heat treatment
of complex/pitch mixtures

Ten grams of the pitch and a weighed amount of the
M(acac) were dissolved together in 500 x 107° m? of
quinoline at 80°C for 3 hours with stirring. Then, the
quinoline was completely removed by vacuum distilla-
tion, consequently, M(acac)/pitch mixture was obtained
as a residual solid. Furthermore, this mixture was pul-
verized to pass 200 Tyler mesh. The M(acac)/pitch mix-
ture was heat-treated with a horizontal tube furnace at
temperatures between 300 and 1000°C for 60 min in an
argon atmosphere at a heating rate of 5°C/min.

2.3. Measurements

An X-ray powder diffraction (XRD) pattern of each
sample was collected using a powder diffractometer
equipped with a copper target X-ray tube. (Though
it is widely known that the Cu K, radiation might
not be suitable for certain kind of iron compounds,
we have preliminarily confirmed its feasibility in the
present case.) Weight changes during heat treatment
up to 1000°C were measured with a thermogravime-
ter (TG) under the condition of 5°C/min of heating
rate and 150 x 107® m3/min of a nitrogen flow. The
images of obtained metal dispersed carbon samples
were taken with a transmission electron microscope
(TEM) operating at 200 kV accelerating voltage. And
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a magnetic property of the samples was evaluated us-
ing a vibrating sample magnetometer (VSM) at room
temperature.

3. Results and discussion
3.1. Mixture of M(acac) and
anisotropic pitch

As described in the previous section, it is expected that
dispersibility of the M(acac) in starting mixture affects
that of metal particle in resulting composite, therefore,
to intersperse the M(acac) throughout the pitch as com-
pletely as possible is essential. From this standpoint, a
dry grinding of powders, although the simplest method,
was seemed to be insufficient for mixing the M(acac)
and the pitch. Accordingly, the M(acac) and the pitch
were blended by dissolving in quinoline. Fig. 1 shows
XRD profiles of Fe(acac); complex, the green pitch,
and their mixtures (10 wt% of the complex added to the
pitch) by two mixing methods mentioned above. In the
case of dry mixing (grinding) of two powders (Fig. 1c)
the blending was evidently insufficient, because strong
diffraction peaks due to Fe(acac); appeared over the
diffraction profile of the pitch. To the contrary, uni-
formly dispersed Fe(acac)s in the pitch allowed to extin-
guish its diffraction peaks (Fig. 1d). Namely, Fe(acac);
molecules were so finely dispersed in the pitch that they
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Figure 1 X-ray diffraction patterns of (a) Fe(acac)s;, (b) anisotropic

pitch, and (c, d) their mixtures (dry grinding or mixing in quinoline).
The data have been offset sequentially for comparison.
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Figure 2 X-ray diffraction patterns of Fe(acac)s/pitch mixtures at
(a) 10 wt%, (b) 30 wt% and (c) 50 wt% of complex added. The data
have been offset sequentially for comparison.

could not be detected by XRD. Next, the change in XRD
profiles of the M(acac)/pitch with additive amount of
the M(acac) is shown in Fig. 2. Clearly, over 30 wt% of
the complex was able to add in the pitch without evident
peaks on XRD by the dissolving method in quinoline.
Overlapping weak broad diffraction probably due to
Fe(acac); can be seen on the carbon profile between 10
and 25° of diffraction angle in Fig. 2b. Nevertheless, the
complex is still dispersed sufficiently compared with
the case shown in Fig. 1c where the pitch includes only
one-third amount of the complex. However, as shown in
Fig. 2c, crystallization results from addition of 50 wt%
of the complex, which may lead to the enlargement of
metal particles dispersed in resulting carbon matrix.

3.2. Weight changes up to 1000°C

Fig. 3 shows changes in the weight of the anisotropic
pitch, Fe(acac); and M(acac)/pitch (1:10 mixture by
weight) up to 1000°C in N, atmosphere measured us-
ing the TG (the data for Co(acac); and Ni(acac), were
almost same as that of Fe(acac)s;). When the pitch was
heat-treated alone, the weight change curve can be
divided into three ranges. Thus, the weight scarcely
changed until 350°C (range I). The weight decreased
around 350°C because of commencement of carboniza-
tion reaction, and between 400 and 550°C sharply de-
creased on account of pyrolysis with polycondensation
reactions (range II). And then, the weight gradually di-
minished up to 1000°C (range III). The residual weight
at 1000°C was 76.2 wt%. On the other hand, in the
case of three M(acac)/pitch mixtures, they showed sim-
ilar TG curves. The weight began to decrease at 100—
150°C in contrast to no change of the pitch under
350°C. This decrement was ascribable to the decom-
position of the M(acac). However, the starting tem-
peratures of weight decrease were lower than those of
M(acac) alone. And, after losing weight corresponded
to the ligand of M(acac) (they are shown by arrows in
Fig. 3), the M(acac)/pitch showed further decrement up
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Figure 3 TG curves of the pitch and M(acac)/pitch mixtures during heat
treatment up to 1000°C in N atmosphere. Arrows correspond to the
weight loss due to vaporization of the ligand of M(acac). The data have
been offset vertically by 10 wt% for comparison.

to 500°C. In addition, the marked decrement between
400 and 550°C (the range II) was no longer clearly ob-
served, and the transition temperatures to the range 3
are lower than that in the case of using pitch alone. As
the summary in Fig. 3 shows, the pyrolysis of the or-
ganic species in the M(acac)/pitch shifted to lower tem-
perature compared with those in the sole M(acac) and
pitch. This means the reactions were affected by the
interaction of M(acac) and pitch. Whereas the added
complexes might catalyze polycondensation reactions
of aromatic hydrocarbons, the details of the carboniza-
tion stage are not clear.

3.3. XRD measurements of
heat-treated samples

Fig. 4 illustrates powder XRD profiles of the M(acac)/
pitch (1:10 by weight) mixtures heat-treated at tempera-
tures for each 100°C rise between 300 and 1000°C. The
every sample heat-treated at 300°C showed a XRD pro-
file with broad (002) peak around 26° and weak (10)
peak around 43°. These are typical profiles with this
kind of carbonaceous anisotropic pitch. In the case of
Fe(acac)s/pitch (Fig. 4a), a broad peak due to Fe;Oq4
(magnetite) appeared at 400°C, then, it sharpened at
500°C and could be seen until 700°C. Over 800°C,
the peak of Fe;O4 has disappeared and several strong
peaks arose instead. These peaks can be assigned to
«-Fe, which should result from reduction of the Fe;O4.
Accompanying appearance of «-Fe, a diffraction signal
from Fe;C(100) (cementite) near the a-Fe(110) could
also be seen at 800°C. With increasing heat treatment
temperature (HTT) this peak grew gradually in con-
trast to diminishment of the «-Fe peaks. This indi-
cates that the o-Fe can react to the carbon matrix above
800°C. In brief, the iron from pyrolized complex in the
pitch has been reduced from an oxide to a carbide via
metal.

4317



b

»J ~ .
T30t
Fes!

04(311) \\7\777\4()0@

500C
~—500% |

N .
~—___600C

g

Arbitrary unit

700C
a-Fef(110) wFe (2?1;\
a-Fe(200)

223 sooc,

900°C

FesC(100)
-

L ! 1 i 1 1 ! 1 ! 1 L

p—1

T 400°C

L
f\\v\%

J \__
Aﬂ&
N B

Nl(200) __700C|

T 800
N,(zzo) .

T TS A
Ni(377)]

I 1 i I I 1 I I ! I [ !

J
j\k

L\

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 6
2% 29

(b)Co(acac)s/pitch

20
(a)Fe(acac)s/pitch

70 80 S0 100

(c)Ni(acac)z/pitch

Figure 4 X-ray diffraction profiles of M(acac)/pitch mixtures heat-treated between 400°C and 1000°C at every 100°C. The data have been offset
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Figure 5 Transmission electron micrographs of ultrafine metal dispersed carbons. (a) Fe (900°C), (b) Co (800°C) and (c) Ni (800°C).

On the other hand, Co(acac)s/pitch and Ni(acac),/
pitch revealed similar XRD profile with HTT. Namely,
only diffraction peaks due to corresponding metallic
crystals were observed. The peaks could be detected
above 700°C for Co and 600°C for Ni, then they rose
and sharpened with HTT. This result suggests the aug-
mentation of crystallinity accompanied by the growth
of metal particles in the carbon.

For the Co(acac);/pitch at 400-600°C, they showed
magnetizm as will be mentioned in the following sec-
tion; the ferromagnetic species already appeared in the
carbon in spite of no XRD peak denoting the presence
of metal.

3.4. TEM observation of metal

dispersed carbons
Fig. 5 shows the transmission electron micrographs of
the M(acac)/pitch (1:10) mixtures heat-treated at 900,
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600 and 800°C for Fe-, Co- and Ni-complex, respec-
tively. The dispersed metals can be seen as black dots in
these photographs. According to the XRD results as de-
scribed earlier, these particles are o-Fe/Fe;C, 8-Co and
Ni after undergoing the heat treatment at those temper-
atures. As is shown in these photographs clearly, every
metal is very finely and uniformly dispersed in carbon
matrix. And their particle diameters were found to be
<25 nm for «-Fe/Fe;C, <5nm for 8-Co and <15 nm
for Ni. Compared with the size of metal species in the
three samples, Co particles were the smallest through-
out the HTT.

As far as we are aware, our result is one of the most
successful cases because the metal particle sizes are
much smaller than those prepared from another precur-
sor compound. Moreover, the significance of present
study is to be achieved by simple preparation method
using only easily available metal complex species.



Figure 6 Transmission electron micrographs of the Fe(acac)s/pitch
(1:10) heat-treated at 600°C for 1 hour. The dispersed particles are mainly
magnetite (Fe304).

The diameter of dispersed metals increased with the
HTT as previous workers also pointed out [4,9] and
this tendency was pronounced at HTTs over 900°C. As
shown in Figs 6 and 7, the diameter of dispersed Fe
particles was less than 10 nm at 600°C. Clearly, they
are smaller than that in Fig. 5a (at 900°C). Similarly, for
Co the particle size after heat treatment at 1000°C was
10-25 nm (cf. <5 nm at 800°C). At the temperatures
between 400 and 600°C for Co, where no peak from the
metal species can be seen on the XRD profile, the TEM
observation revealed that particles, which may be metal,
already appeared in the carbonaceous matrix. On the
other hand, the larger amount of M(acac) added to the
pitch caused distinct enlargement of dispersed particle
size. For 50 wt% addition of Fe(acac);, as shown in
Fig. 8, the particle size went up to over 40 nm even
at 500°C, and in this case, plenty of smaller particles
also were observed in the same sample. This means the
dispersion of the complex was originally heterogeneous
due to much larger amount of additive.

3.5. Magnetic property of metal

dispersed carbons
The samples heat-treated over 500°C (for Fe), 400°C
(for Co) and 500°C (for Ni) were attracted by a mag-
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Figure 7 Particle size distribution of metal (evaluated on TEM micro-
graphs) in heat-treated Fe(acac)s/pitch mixture.

net. These results are substantially in accordance with
appearance of diffraction peaks due to ferromagnetic
species on the XRD profiles. In the case of Co, the
samples heat-treated between 400—600°C showed mag-
netism in spite of no peaks on XRD profile. The TEM
observation already exhibited the presence of very
small cobalt particles certainly appeared in the carbon.

In order to evaluate the quantitative magnetic prop-
erty, the samples were measured using the VSM.
Obtained magnetic properties of the metal dispersed
carbons heat-treated at 800°C are given in Table II.
The saturation magnetization (Ms) was 1.03 x 1079—
3.08 x 107> Wb-m/kg for 10 wt% of M(acac) addi-
tion. The magnification of Ms depends on the inherent
value of each ferromagnetic species. Thus the Ms is
proportional to the content of ferromagnetic substance
in the carbon matrix. Actually, the increment of the Ms
between 10 and 30 wt% of Fe(acac); addition can be

TABLE II Magnetic properties of metal dispersed carbons heat-treated at 800°C for 1 hour

Amount of Saturation Remanent Coercive

additive HTT magnetization: Ms induction:Br force:He
Complex (Wt%) (°C) (1075 Wb- m/kg) (1075 Wb - m/kg) (10* A/m)
Fe(acac)s; 10 800 2.09 0.21 0.56
Fe(acac)s 30 800 5.65 1.23 1.23
Co(acac)s 10 800 3.08 0.94 3.06
Co(acac)s 30 800 5.23 1.38 1.75
Ni(acac), 10 800 1.03 0.16 0.76
Ni(acac), 30 800 1.87 0.23 0.50
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Figure 8 Transmission electron micrographs of the Fe(acac)s/pitch
(5:10) heat-treated at 5S00°C for 1 hour.

explained by this concept. The coercive force (Hc) was
0.56-3.06 x 10* A/m for 10 wt% of M(acac) addition.
The Hc of the Co dispersed carbon was by far the high-
est value. Though the direct comparison of the three
different metals is difficult, the high Hc value of Co-
dispersed carbon could be ascribable to the small size of
the Co particles. Only from the standpoint for improv-
ing Ms value, it is essential to increase the dispersed
metal content in the carbon, and this is not a laborious
work. However, in this case, aggregation and growth
of dispersed metal particles are inevitable. This can re-
sult in lower Hc value because of multiple magnetic
domains.

4. Conclusions

The M(acac)/pitch (M =Fe, Co or Ni) mixtures were
easily converted into the ultrafine metal dispersed car-
bon composite by heat treatment at temperatures up
to 1000°C. Obtained samples contained uniformly dis-
persed metal (partly oxide or carbide) particles having
less than 30 nm in diameter. This excellent dispersibility
of the metal particles was supported by the well-mixed
complex/pitch and high carbon yield of the anisotropic
pitch.
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