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The microstructure of active carbon used in the growth of a silicon carbide catalyst support 
has been studied by BET area measurements, electron diffraction and high-resolution electron 
microscopy. The microstructure of the active carbon is consistent with different distributions of 
basic structural units (BSUs). These BSUs increase in size under heat treatment by forming 
adjacent distorted columns. Ordering processes are discussed from geometrical considerations 
based on reciprocal patterns. The reactivity of the interface between the active carbon and SiO 
vapour is controlled by the proportion of the highly reactive sites in the active carbon surface 
structure. 

1. In troduc t ion  
Silicon carbide (SIC) ceramic powder is one of the 
most important catalyst supports recently used to 
replace the alumina support in heterogeneous cata- 
lysis [1-4]. The preparation method of our SiC cer- 
amic powder [2] is based on the attack of high specific 
surface area (SSA) active carbon (Fluka, (Puriss) Ac- 
tivated Charcoal; C = 89.4%, H = 1.1%, O = 9.5%. 
SSA = 1150-1200 m 2 g-1) by silicon monoxide (SiO) 
vapour at 1240 ~ 

Typically, the SiC formed has high SSA 
(60-400 mZg-2). The growth and microstructure of 
this material, which determines its catalytic and phys- 
ical properties, has been previously studied by high- 
resolution transmission electron microscopy [5]. 

The SiC ceramic powder formation is described as 
follows: a SiO vapour is generated by heating, to a 
temperature of 1240 ~ an equimolar mixture of sil- 
icon and silica powders according to the reaction 

Si + SiO2 ,~- 2SiO (1) 

The SiO then passes through a porous active carbon 
bed and reacts with it to form SiC according to the 
reaction 

SiO + 2C ~--- SiC + CO (2) 

The optimal reaction time, which determines the best 
yield of SiC, is about 7 h. 

A complete conversion of the active carbon into 
silicon carbide has never been obtained. The main 
reason responsible for this is that the effect of heat 
treatment on the active carbon structure results in a 
decrease in the conversion rate. Because of the import- 
ance of the active carbon on the carbide growth, a 
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detailed study of its microstructure is needed. How- 
ever, let us first briefly recall the structure of Carbona- 
ceous materials. 

Carbon has two strictly crystalline forms: diamond 
and graphite. In addition, carbon can also take on a 
number of partially crystalline forms ranging continu- 
ously from a nearly amorphous to a highly crystalline 
state [6]. Except for diamond, all carbonaceous ma- 
terials are indexed as graphitizing or non-graphitizing 
carbons [7]. Various techniques, such as infrared [8] 
and Raman [9] spectroscopies, X-ray diffraction [10] 
and electron microscopy 1-11, 12], have been used to 
characterize the graphitization process of the carbona- 
ceous materials. It was found that basic structural 
units (BSUs) I-7] are formed first in the carbonization 
process. With increasing heat treatment up to 1000 ~ 
the material will release oxygenated (e.g. H20, CO2, 
etc.) and hydrogenated (such as hydrocarbons) func- 
tions. This allows adjacent BSUs to get close enough 
to each other to form distorted columns. When heated 
above 1500~ adjacent columns get hooked to one 
another, edge to edge, forming distorted wrinkled 
layers. By heating up to 3000 ~ graphitizing carbons 
convert into graphite. Even for temperatures above 
3000 ~ non-graphitizing carbons cannot achieve a 
final degree of graphitization as high as graphitizing 
carbons, because their elemental domains are much 
smaller [7]. 

Whereas the structure of graphite is accurately 
known (the three-dimensional unit cell is convention- 
ally taken with four atoms at (0,0,0), (0,0, 1/2), (2/3, 
1/3,0) and (1/3,2/3,1/2) with c/a = 2.73 and SG = 
P63/,,mc), the structUre of other carbonaceous ma- 
terials is not well known. One structure reported in the 
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carbon literature is turbostratic carbon (TC) [13]. 
Unlike graphite, the hexagonal basal planes of carbon 
are not regularly stacked, but randomly rotated 
around the c-axis. The spacing between the basal 
planes in TC is larger than that in graphite, probably 
because of some interstitial atoms between the planes 
[14, 15] or because of the weak van der Waals force 
between basal planes because the structure of TC 
consists of random stacking sequences [16]. 

In this paper, we present the results of a TEM study, 
carried out in the selected-area diffraction (SAD) and 
high-resolution (HRTEM) modes, on the changes in- 
duced in the structure of the active carbon by heat 
treatment with and without SiO. Because the SSA can 
provide useful information about porosity and dis- 
order, BET [17] measurements and pore-size distribu- 
tions will be presented first. 

2. Experimental procedure 
The active carbon investigated in this study was 
heated under reduced pressure (0.5q3.8 torr) for 7 h at 
1240 ~ in the upper part of a reactor. Next, a mixture 
of Si-SiO 2 was reacted at the same temperature in the 
lower part of the same reactor. The SiO generated 
vapour is then pumped towards the upper part of the 
reactor where it reacts with the active carbon [2]. 

The SSA values given in this paper were determined 
by BET analysis of the adsorption isotherm of 
nitrogen at 77 K using a Micromeritics ASAP2000 
porosimeter, which was capable of measuring pore 
sizes down to 2 nm. 

HR TEM was carried out on a Topcon EM002B 
UHR electron microscope operating at 200 keV. All 
the micrographs were taken near the Scherzer defocus 
conditions. The selected aperture of the samples cov- 
ered by the SAD was about 80 pm. Samples were 
ground between glass plates and brought into contact 
with a holey carbon-coated copper grid. The magnifica- 
tion of the HRTEM images, the electron diffraction 
patterns, and the optical diffractograms, were all cali- 
brated under the same electron-optical conditions. 

3. Results 
3.1. BET and porosimetry 
3. 1.1. Heat-treated active carbon 
Active carbon is characterized by its strong adsorp- 
tion capacity which occurs mostly in micropores, 
which are smaller than 2.5 nm in size. This mainly 
determines its reactivity. 

Nitrogen adsorption-desorption isotherms corres- 
ponding to untreated and heat-treated active carbon 
samples show that while the former does not show any 
difference between the adsorbed and the desorbed 
volume of nitrogen, the latter shows a hysteresis loop 
indicating the presence of slit pores [18, 19]. BET 
measurements carried out before and after heating 
indicate that the SSA decreased from 766 m z g-  ~ to 
500 m 2 g-  t (Table I). Measurements of the pore-size 
distribution in the two active carbon, samples (un- 
treated and heat-treated) are illustrated in Fig. 1. 
Additional pores centred around 3.57 nm in size are 

TABLE I 

Specimen" BET (m 2 g- 1) 

AC (before HT) 766 
AC (after HT) 500 
SiC § remaining AC (before calcination) 184 
SiC (after calcination) 38 
Remaining AC 338 

"AC, active carbon; HT, heat treatment, 
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Figure 1 Pore-size distribution in ( - - )  untreated and ( . . . )  heat- 
treated active carbons (AC). 
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Figure 2 Variation of the conversion rate of active carbon into SiC 
during a 7 h reaction time. (The quantities gAC and 9slo represent the 
weight of reacted active carbon and SiO, respectively.) 

seen in the heat-treated active carbon (dotted line). We 
thus conclude that these additional pores are slit pores 
which form during the heating process. The fact that 
the pore size increases and the SSA decreases as a 
result of heat treatment is probably linked to a struc- 
tural reorganization of the active carbon structure. 

3. 1.2. Changes in the presence of SiO 
Fig. 2 shows the conversion rate of active carbon into 
silicon carbide in the presence of SiO, versus reaction 
time. Note that the conversion rate decreases as the 
reaction time increases. One possible explanation is 
that the untreated active carbon becomes less reactive 
with increasing reaction time. The BET SSA measure- 
ments of the whole product (SiC plus remaining active 
carbon) after a 7 h reaction time gives a mean value 
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of 184 m 2g-~. The microporosity in pores centred 
around 2.25 and 3.57 nm is then strongly reduced 
compared to the heat-treated active carbon (Fig. 3, 
solid line) and nearly disappears after calcination of 
the product in air at 800~ (Fig. 3, dotted line). 
Actually, calcination consists of the removal of re- 
maining active carbon in order to determine the sil- 
icon carbide yield. It is worth noting that the BET 
value of the non-reacted (or remaining) active carbon 
has a lower value than that of the heat-treated active 
carbon. Indeed, the calculated BET SSA correspond- 
ing to the nonreacted active carbon is 338 m z g-  1. The 
reason for this is that the BET value calculated after 
reaction concerns only the structurally organized 
active carbon affected by the heat treatment which 
cannot react with SiO and consequently has a lower 
SSA. 

3.2. Electron diffraction studies 
3.2. 1. Heat-treated active carbon 
The SAD pattern of the untreated active carbon is 
shown in Fig. 4. The SAD of the heat-treated active 
carbon shows a similar pattern but with sharper 
rings (Fig. 5). Clearly, these reciprocal space pattern 
changes have to be explained in terms of the real space 
structure of the active carbon. 

In order to explain these structural changes, an 
array of carbon atoms in a basal plane of graphite of 
infinite extent is considered first (Fig. 6a). The corres- 
ponding Fourier transform, which gives the reciprocal 
net, consists of two sets of six infinite lines normal to 
X Y  or xy. (Fig. 6c). The first set, which corresponds to 
the "10" family of diffraction lines, has a radius length 
rio and the second one, corresponding to the "11" 
family has a radius length rll  with rl l  > rio. If an 
infinite number of parallel basal layers rotated at 
arbitrary angles around 0Z is considered (Fig. 6b), the 
reciprocal lattice consists of concentric cylinders as 
shown in Fig. 6d. The innermost cylinder corresponds 
to the "10" diffraction surface while the next one 
corresponds to the "11" surface. But, assume now that 
the interplanar spacing among all the basal layers is 
equal; this will give rise to a set of reciprocal lattice 
points (000 l) normal the layers plane. Finally, the 
complete reciprocal lattice consists of a set of points 
(0 0 0 l) on the axis normal to the basal layers, i.e. 0Z, 

Figure 4 SAD diffraction pattern corresponding to the untreated 
active carbon. 
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Figure 5 SAD diffraction pattern corresponding to the heat-treated 
active carbon. 

surrounded by a set of concentric cylinders (h k) of 
increasing radius with axes along OZ. The diffraction 
pattern is obtained by the intersection of the Ewald 
sphere with the reciprocal lattice. If the electron beam 
is considered parallel to 0Z, the electron diffraction 
pattern will consist of two rings namely "10" and "11" 
(Fig. 6e). An extra effect is also likely to occur if the 
stacking of basal planes is random. The interplanar 
spacing could be variable and depend on their relative 
orientation. Actually, the interplanar spacings are ex- 
pected to peak around some average value slightly 
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Figure 6 Real-space representations of (a) one layer of carbon atoms, and (b) an infinite number of carbon atoms layers rotated at random. 
The corresponding reciprocal space representation are given in (c) and (d), respectively. Electron diffraction pattern obtained for situation 
(b) in the case of an electron beam parallel to 0Z is given in (e). 

larger than the graphitic spacing. This results in a 
slight broadening of the diffraction spots into diffrac- 
tion discs (diffuse spots). 

In the case of a finite number (3-10) of basal planes 
containing a limited number of carbon atoms each, 
the package can be described as a BSU according to 
Oberlin's model [7]. The geometry of the diffraction 
pattern will then roughly stay the same as before 
except that the diffraction spots will change into larger 
diffuse ones because of the Scherrer effect [20]. Con- 
sidering an aggregate of a number of BSUs which are 
in parallel orientation with respect to each other, the 
diffuse diffraction spots will become sharp spots as 
the number of BSUs in the aggregate increases. If the 
BSUs are not in parallel orientation and have a 
misorientation angle with respect to each other (tilts 
around 0X and 0 Y), the concentric cylinders (h k) and 
the lattice points (000/) also rotate by the same 
angles. In the case of various tilt angles ranging from 
0~ ~ the diffraction pattern results in a powder 
pattern having broadened rings. This is basically what 
is observed in Fig. 4. Because of their small size, the 
BSUs in the untreated active carbon have high mis- 
orientation angles resulting in randomly rotated aro- 
matic carbon layers. Consequently, the interplanar 
spacings values are larger than the graphitic ones. 
After heat treatment, the width of the rings (especially 
(0 00 2)), shown in Fig. 5, is much smaller than the 
width of the pattern shown in Fig. 4. This indicates 
that the BSUs tend to reduce their misorientation 
angles with respect to each other. The interplanar 
spacings value approaches slightly the graphitic one. 
This results in a better stacking of the aromatic carbon 
layers and in an increase of the size of the coherent 
domains (i.e. the number of aromatic carbon layers 

per stack increases together with the 0002 planar 
extension). 

3,2.2. Changes in the presence of SiO 
Fig. 7 shows the SAD pattern of an active carbon 
reacted with SiO at 1240 ~ for 7 h. The SAD pattern 
consists of diffraction rings similar to those shown 
in the SAD pattern of Fig. 5 and additional spots, 

Figure 7 SAD diffraction pattern corresponding to the active 
carbon after 7 h reaction time with SiO. 
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marked as SiC (111), which correspond to the formed 
silicon carbide. 

This result suggests that the non-reacted active 
carbon has undergone a similar structural organiza- 
tion to the heat-treated one. Considering the small 
width of the (0002) diffraction ring, it seems that the 
structural organization of active carbon has improved. 
Some reflections are shown by arrows. In other words, 
the misorientation angle between the BSUs in that 
case is smaller than the one in the heat-treated active 
carbon without SiO. This is consistent with the 
HRTEM results as shown below. 

3.3. HRTEM studies 
3.3.1. Heat-treated active carbon 
Fig. 8 shows a HRTEM micrograph of the untreated 
active carbon with the inset showing an optical dif- 
fractogram from the enlarged region. We observe that 
the structure consists of aromatic carbon layers ran- 
domly distributed. The size of the BSUs is very small 
and they do not show any preferred orientation. This 
is consistent with the SAD pattern of Fig. 5 which 

shows a diffuse continuous ring marked 0002. Note 
that, in contrast to the electron diffraction pattern, the 
"10" and "11" rings do not appear in the optical 
diffractogram of Fig. 8. Indeed, because most of the 
BSUs are oriented parallel to the laser beam of 
the optical bench, the arrangement of atoms within 
the basal planes, which gives rise to the "10" and "11" 
rings, will not be present in the optical diffractogram. 

Fig. 9 shows an HRTEM micrograph of the heat- 
treated active carbon and its optical diffractogram 
shown as an inset. The structure of the carbon consists 
of adjacent assemblies of piled BSUs. An improvement 
of parallelism of the carbon layers is clearly obvious 
from the micrograph. This is consistent with the 
sharpening of the (0002) ring in the diffraction pat- 
tern of Fig. 5. The pair of arcs seen in the inset (Fig. 9) 
is due to the preferred orientation of the BSUs in the 
domain where the optical diffractogram has been 
recorded from. 

3.3.2. Changes in the presence o f  SiO 
Fig. 10 shows a HRTEM micrograph of the remain- 
ing active carbon found in a SiC sample. It is immedi- 

Figure 8 H R T E M  micrograph of the untreated active carbon. The arrows show some parallel carbon sheets considered as small BSUs. The 

optical diffractogram is shown at the upper right side of the enlarged area. 
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Figure 9 HRTEM micrograph of the heat-treated active carbon. The optical diffractogram is shown at the upper right side of the enlarged 
area. 

ately apparent from the micrograph that notable 
structural changes have taken place, the regions of 
parallel layers formed having an average spacing of 
0.346 nm. From Fig. 10, it follows that basal planes 
have reached a high degree of parallelism, i.e. the 
number of aromatic carbon layer per stack has in- 
creased together with the 0 0 0 2 planar extention, as 
compared to the heat-treated active carbon without 
SiO. This demonstrates the improvement in ordering 
gained by heat treatment in the presence of SiO. It can 
also be seen that the different domains, containing the 
well-stacked BSUs, are randomly distributed. This 
random distribution, together with the improvement 
of the stacking of the carbon layers, results in sharper 
rings in the diffraction pattern of Fig. 7. 

4. Discussion 
Our results show that the misorientation angle be- 
tween the BSUs in the active carbon is more reduced 
in the case of heat treatment with than without SiO. 
This suggests that in addition to the heat-treatment 
effect, the carbide formation may also have an influ- 

ence on the non-reacted active carbon. The structural 
differences between the HRTEM micrographs (Figs 8 
and 9) indicate that ordering processes during heat 
treatment occur predominantly within existing BSUs. 
An improvement in ordering is expected because there 
will be a concomitant release of strain energy within 
different adjacent columns resulting in the formation 
of domains having preferred orientations. This de- 
crease in the misorientation angle between the BSUs 
closes up the micropores that form the main contribu- 
tion to the SSA of the active carbon. Consequently, 
the graphene layers grow and new slit pores are 
formed. The characteristic curvature (Fig. 9) is indic- 
ative of the high density of defects which must be 
present between adjacent columns of piled BSUs. 
There is evidence from the high degree of the 
alignment (Fig. 10) that internal defects within the 
layer planes are fewer in number in the presence of 
SiO. However, some degree of disorder is present at 
the extremities of the oriented domains. These dis- 
ordered extremities have been described as couples of 
highly distorted planes having interlayer spacing in 
the range 0.4-1.25 nm [21]. 

4705 



Figure 10 HRTEM micrograph of the unreacted active carbon. The optical diffractogram is shown at the upper left side of the enlarged area. 

Considering a BSU (block ranging from 1-2 nm in 
size and containing three or four parallel carbon 
sheets [22]) as a small block of TC, the active carbon 
surface may have three structural forms, namely a 
basal plane, represented by a relatively inactive 
(000 1) plane, a first prism plane with carbon atoms 
oriented in a "zig-zag" pattern, represented by (1010) 
planes, and a second prism plane in an "armchair" 
orientation, represented by (1 1 2 0) planes. In the case 
of graphite, the specific surface energy of the basal 
plane and of the prism plane are reported to be 0.14 
and 4.8 J m-2, respectively [23]. This implies that the 
reactivity at the interface of active carbon with SiO 
will mainly depend on the density of free edge carbon 
atoms in the reactive plane existing on the active 
carbon surface. The decrease of the conversion rate as 
the reaction proceeds (Fig. 2) can be explained from 
the difference of the crystalline structure of the active 
carbon surface. Indeed, BSUs constituting the active 
carbon are small in size and spatially distributed at 
random. Therefore, the proportion of reactive sites of 
the highly reactive prism plane exposed at the active 
carbon surface is greater in the first stage of the 
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reaction and will rapidly chemisorb SiO molecules. 
This provides random nucleation sites for silicon car- 
bide in the active carbon matrix [5] during and 
immediately after infiltration. During reaction, the 
active carbon is heated to 1240 ~ the BSUs reduce 
their misorientation angle by ordering processes and 
preferred orientation domains grow (Fig. 10). As the 
reaction time increases, ordering processes occur with- 
in BSUs by removing the functional groups, thereby 
reducing the number of surface reactive sites in these 
domains, while the SiO molecule will preferentially 
react with a disordered active carbon. This growth 
mode will affect the conversion rate because the well- 
organized active carbon does not react with SiO. 

5. Conclusion 
Our studies on active carbon under conditions perti- 
nent to SiC formation using BET area measurements, 
electron diffraction and high-resolution electron 
microscopy show the following conclusions. The 
microstructure of the active carbon can be explained 



in terms of different assemblies of BSUs. The inter- 
pretation of diffraction patterns and HRTEM micro- 
graphs showed that the BSUs increase in size on heat 
treatment by forming domains of preferred orienta- 
tions. The reactivity at the interface between the active 
carbon and the SiO vapour depends strongly on the 
number of highly reactive sites located at the prismatic 
planes exposed at the surface of the active carbon. 
During the reaction, the active carbon becomes struc- 
turally more organized and the number of reactive 
sites is decreased. This will have an incidence on the 
conversion rate to silicon carbide. This fact is con- 
firmed by HRTEM micrographs which show that the 
remaining active carbon, which does not react with 
SiO vapour, has a highly organized structure. 
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