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Abstract

For improving the graphitization of isotropic carbon,
ethyl acetoacetate aluminium diisopropoxide and
aluminium oxide were used as catalysts. Their e�ect
was investigated and the corresponding mechanism
was discussed. The results showed that the isotropic
carbon was graphitized greatly by the addition of
ethyl acetoacetate aluminium diisopropoxide when
the heat-treatment temperature was over 1850�C,
and slightly by the addition of aluminium oxide at
1900�C. The mechanism is considered to be that the
aluminium compound formed from ethyl acet-
oacetate aluminium diisopropoxide reacted with C to
give Al4C3 and with increasing temperature the
Al4C3 decomposed to form Al(g) and CGr which was
graphitized. Additionally, Al-containing gases and
CO2(g) were the reactants of the reaction between
aluminium oxide and C. This showed only a little
e�ect on the graphitization of isotropic carbon when
the heat-treating temperature was 1900�C. # 1999
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1 Introduction

For enhancing the graphitization of isotropic car-
bon, the processes of catalytic graphitization of the
carbon have been extensively studied in recent
years. As catalysts, metals such as Fe, Si, Ti, Ca,
Mg and Al, and oxides such as Al2O3 and MgO
were used1±3. The graphitization of the carbon was
improved by using some catalysts, however, there

were some problems in the processes. For example,
(i) completed graphitization of carbon was not
obtained, (ii) the degree of crystallization of gra-
phitized carbon was lower and (iii) after the
process of catalytic graphitization, the catalyst
could not be removed from the graphitizited car-
bon. In other words, the e�ect of catalysts on the
graphitization of isotropic carbon was not obvious,
and the graphitizited carbon was contaminated as
well.
In the present paper, a new method for the gra-

phitization of isotropic carbon by using aluminium
chelate compound is presented and the corre-
sponding catalystic mechanism is discussed brie¯y.

2 Experimental Procedure

The raw materials used in the present study were
liquid phenolic resin (®xed carbon: about 50%),
ethyl acetoacetate aluminium diisopropoxide
(hereafter referred to as ALCH, Al2O3 content:
18.6 mass%) and aluminium oxide (purity: 99.9%).
The phenolic resin was mixed with various

amounts of ALCH (ALCH was pre-diluted with
ethanol) and aluminium oxide to form resin/
ALCH and resin/aluminium oxide admixture. The
admixtures were dried at 110�C for 12 h and then
carbonized at 600�C in Ar atmosphere for 1 h. The
obtained isotropic carbons with and without Al-
containing catalyst were heated at 1800, 1850 and
1900�C for 2 h in a ¯owing Ar atmosphere at a rate
of 0.4 l/min.
The Al-containing catalyst formed after carbo-

nization was investigated by X-ray di�raction
(XRD) and infrared spectroscopy (IR). The sam-
ples after heat-treatment were observed by scan-
ning electron microscopy (SEM) and analyzed by
X-ray di�raction. The Al content in the samples
was analyzed by ICP.
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3 Results

3.1 Al-containing catalyst formed after
carbonization
Figure 1 shows the X-ray di�raction patterns of
the samples obtained from carbonizing the admix-
tures of phenolic resin/ALCH and phenolic resin/
aluminium oxide at 600�C. The Al-containing cat-
alyst in the sample with aluminium oxide addition
was identi®ed to be Al2O3, which did not change in
the carbonization. However, any crystalline phase
was not found in the sample with ALCH addition.
Figure 2 shows the infrared spectra patterns of

the samples obtained from carbonizing the admix-
tures of phenolic resin/ALCH and phenolic resin/
aluminium oxide at 600�C. Compared with the
infrared spectra pattern of the sample with alumi-

nium oxide addition, which showed Al±O bounds
in the range about 1000±450 cmÿ1, the di�erence
was observed in the infrared spectra pattern of the
sample with ALCH addition, in which Al±O
bound was not found.

3.2 E�ect of heat-treating temperature on the
graphitization of the carbon
Figure 3 shows the X-ray di�raction patterns of
the samples obtained from di�erent admixtures
and heated at various temperatures. With increas-
ing the temperature, the intensity of the (002) dif-
fraction peak of the carbon without addition
increased a little and the peak shifted to a higher
angle gradually [Fig. 3(a)]. However, with the
addition of ALCH, the intensity of the (002) dif-
fraction peak of the carbon increased obviously
when heat-treating temperature was above 1800�C,
and the peak shifted towards 2�=26.5� and at
1900�C 2� was 26.48� [Fig. 3(b)]. Figure 3(c) shows
X-ray di�raction patterns of the samples with alu-
minium oxide powder. Compared with the result
without addition, there were no changes in the
intensity and angle of the (002) di�raction peak of
the carbon when the heat-treating temperature was
below 1850�C. However, at 1900�C the intensity

Fig. 1. X-ray di�raction patterns of the samples obtained by
carbonizing the admixtures of resin/ALCH and resin/alumi-

nium oxide at 600�C.

Fig. 2. IR spectra of the samples obtained by carbonizing the
admixtures of resin/ALCH and resin/aluminium oxide at

600�C.

Fig. 3. X-ray di�raction patterns of the samples formed by (a)
carbonization of resin, (b) resin/ALCH and (c) resin/alumi-
nium oxide after heat-treating at 1800, 1850 and 1900�C for
2 h, respectively (a: without Al2O3 addition; b: with 27 mass%

ALCH; c: with 5 mass% aluminium oxide).
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was increased and the peak shifted to 2�=26.5�.
The variation of d002 values of the di�erent car-
bons obtained with temperatures is illustrated in
Fig. 4. The graphitization process of the carbon
was accelerated greatly with the addition of ALCH
and the d002 value of the carbon was close to
0.3354 nm at 1900�C.
In addition, the phases also changed with heat-

treating temperatures and the Al-resource. Al2O3

phase was not con®rmed in the samples added with
ALCH after heat-treated at a temperature up to
1800�C. However, Al4C3 phase was observed at
1850�C, but decreased with increasing tempera-
tures and disappeared at 1900�C. Al2O3 phase was
observed in the sample when aluminium oxide
powder was added. However, the peaks of Al2O3

decreased with increasing temperatures and dis-
appeared at 1900�C.

3.3 E�ect of the amount of ALCH addition on the
graphitization of carbon
Figure 5 shows X-ray di�raction patterns of
samples with various ALCH addition after carbo-
nized at 600�C, and then heat-treated at 1900�C for
2 h. With increasing amount of ALCH, the inten-
sity of the (002) di�raction peak of carbon
increased and the peak shifted to 26.5�. When the
amount of ALCH was 27 mass%, the 2� was equal
to 26.48�.

3.4 Change in microstructure of the carbon
Figure 6 shows SEM micrographs of the samples
heat-treated at 1900�C for 2 h. The graphitized
carbon was not observed in the sample without
addition, while a small amount of carbon was gra-
phitized in the sample added with 5 mass% alumi-
nium oxide.

Figure 7 shows SEM micrographs of the sample
with 27 mass% ALCH after carbonized at 600�C
and then heat-treated at 1800, 1850 and 1900�C for
2 h, respectively. At 1800�C, the graphitized carbon
was not observed and the microstructure of the car-
bon was nearly the same as that of the carbon with-
out addition (Fig. 6). However, when heat-treating
at 1850 and 1900�C, the carbon was graphitized
completely, and the size of the carbon graphitized
at 1900�C was larger than that of at 1850�C.
Figure 8 shows SEM micrographs of the samples

with 2.7, 8.1 and 13.5 mass% ALCH after carbo-
nized 600�C, and then heat-treated at 1900�C.
Compared with the carbon without addition
(Fig. 6), the shape of carbon was developed with
the ALCH addition, and with increasing the amount
of the ALCH, the ¯ake shape became obvious and
clear. When the amount of the ALCH was 13.5
mass%, the graphitized carbon was observed.

3.5 Al content of the samples after heat-treatment
Figure 9 shows Al content of the samples heat-
treated at 1800, 1850 and 1900�C, respectively.
With increasing the heating temperature, Al content
in the samples added with ALCH and aluminium
oxide decreased and approached to zero at 1900�C.

4 Discussion

From the results as stated above, it was clear that
the graphitization of isotropic carbon depended on
the type of Al-containing catalyst. This might be
attributed to the reaction between the Al-contain-
ing catalyst and C.
After carbonization of the phenolic resin/ALCH

and phenolic resin/aluminium oxide admixture,
Al2O3 was not change in the sample with alumi-
nium oxide addition, however aluminium com-
pound formed in the sample with ALCH addition
was not determined to be any Al-containing
compound by X-ray di�raction and infrared
spectra investigation. When heating the samples

Fig. 5. X-ray di�raction patterns of the samples with 0±27
mass% ALCH after carbonized at 600�C and then heat-treated

at 1900�C for 2 h.
Fig. 4. Changes of interlayer spacing (d002) with heat-treatment

temperatures.
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obtained from the carbonization of phenolic resin/
ALCH and phenolic resin/aluminium oxide at high
temperature, reaction between the Al-containing
catalyst and isotropic C is supposed to occur and
a�ect the graphitization of the carbon.

In the case of with aluminium compound
formed from ALCH, the Al4C3 phase formed
when heated at 1850�C (Fig. 3). The Al4C3 phase
might be considered to form according to the eqn
(1).

Fig. 7. SEM micrographs of the sample with 27 mass% ALCH after carbonized at 600�C and then heat-treated at 1800, 1850 and
1900�C for 2 h, respectively.

Fig. 6. SEM micrographs of the samples without addition and with 5 mass% aluminium oxide after carbonized at 600�C and then
heat-treated at 1900�C for 2 h.

2846 J. K. Yu et al.



Aluminium compound s� � � C s� �
! Al4C3 s� � � CO g� � �1�

When the temperature increased further to 1900�C,
this Al4C3 phase became thermodynamically
unstable, the decomposition reaction occurred and
formed Al(g) and C(s) as shown in the following
equation.

Al4C3 s� � � 4Al g� � � 3CGr s� � �2�

According to Ref. 4, the carbon obtained from the
above decomposition reaction should be graphi-

tized. The Al(g) decomposed by the reaction (2)
vaporized out from the sample and hardly
remained in the sample.
In the case of aluminium oxide addition,

according to thermodynamic data,5 Al4C3 is a
stable equibrium phase at relatively high tempera-
ture under a lower CO(g) partial pressure in the
Al±O±C system as shown in Fig. 10. Because the
samples were heat-treated in a ¯owing Ar atmo-
sphere, the partial pressure of CO(g) inside the
furnace was much lower and close to 10ÿ6 atm
according to calculation.6 When the temperature
was over 1600�C, the Al4C3 should form according
to reaction (3).

Fig. 8. SEM micrographs of the samples with 2.7, 8.1 and 13.5 mass% ALCH after carbonized at 600�C and then heat-treated at
1900�C for 2 h.

Fig. 9. Al content of the samples added with ALCH and alu-
minium oxide after carbonized at 600�C, and then heat-treated

at 1800, 1850 and 1900�C for 2 h, respectively.
Fig. 10. Stability domains of the condensed phases in Al±O±C

system.
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2Al2O3 s� � � 9C s� � � Al4C3 s� � � 6CO g� � �3�

However, Al4C3 phase was not found in the sample.
It suggest that reaction (3) occurred to limited
extend, because the Al2O3 and C particles were
separated from each other by an Al4C3 layer. The
direct reaction between Al2O3 and C is hindered,
so as a result the following reactions need to be
considered.

C s� � � CO2 g� � � 2CO g� � �4�

Al2O3 s� � � 2CO g� � � Al2O g� � � 2CO2 g� � �5�

2Al2O3 s� � � 6CO g� � � 4Al g� � � 6CO2 g� � �6�

Al2O3 s� � � CO g� � � 2AlO g� � � CO2 g� � �7�

Because the partial pressures of Al2O(g), Al(g) and
AlO(g) gas are rather high in the Al±O±C system,5

the remaining alumina probably decomposed and
was ¯ushed by the argon ¯ow.
From the experimental result (Fig. 3), it is clearly

shown that the graphitization of the carbon added
with aluminium oxide was improved a little when
heated at 1900�C, although the graphitization was
not as good as in the sample with ALCH. It might
be considered that the CO2(g) formed by the reac-
tions (5)±(7) a�ected the homogeneous graphitiza-
tion of carbon.4

5 Conclusions

The e�ects of Al-containing catalyst added in the
form of ALCH and aluminium oxide were investi-
gated in detail, the conclusions are as follows:

1. Isotropic carbon was graphitized greatly by
aluminium compound formed from alumi-
nium chelate compound and the graphitiza-
tion of the carbon was considered to be by the
formation and decomposition of Al4C3 phase
in heating.

2. When heat-treating the samples with alumi-
nium compound formed from aluminium
chelate compound over 1850�C, the d002 value
of the graphitizated carbon was close to
0.3354 nm.

3. Isotropic carbon was graphitized slightly with
addition of aluminium oxide when the heat-
treating temperature was 1900�C, and the
graphitization of the carbon was a�ected by
the existence of CO2(g) formed by reactions
between Al2O3 and C.
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