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The influence of different parameters (temperature, duration and SiO source) on the
synthesis of silicon carbide SiC according to the gas-solid reaction between SiO vapors and
activated charcoal was investigated. The material obtained retained the general shape of
the activated charcoal, which is an advantage because of the difficulty in post shaping SiC,
due to the high strength of the material. High temperature (>1250°C) and long reaction
duration led to a high C* — SiC conversion but with a relatively low surface area
(20-25m?-g~") due to sintering via the surface diffusion phenomenon. The combination of
a lower reaction temperature (1200 °C), longer reaction duration (15 h) and high

(Si+ Si0;)/C* weight ratio allowed SiC to be obtained with a surface area of around

50 m?-g~, which can be used as a support material for heterogeneous catalysis.
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1. Introduction ity [4]. The strong chemical interaction of the alumina
In general, commercial catalysts are biphasic beingupport with the active phase also hinders recovery of
composed of a support material and one or more activéhe latter at the end of the catalyst life-time.
phase components (metal or oxide). Support materials Silicon carbide (SiC) ceramic materials have been
provide a porous framework permitting access to the acdeveloped for use in a broad range of applications, in-
tive phase for the reactants and free exit for the productsluding biomedical materials, high temperature semi-
from the catalyst particles. The support must be able teonducting devices, synchrotron optical elements, and
disperse the active phase in order to increase the activightweight/high strength structures [5]. SiC exhibits
surface in contact with the reactant. It must also havex high thermal conductivity, high resistance towards
high mechanical and thermal stability in order to avoidoxidation (due to the formation of SiQayers), high
surface area collapse during reaction or oxidative regermechanical strength and chemical inertness, properties
eration which can induce the formation of hot spots. Allrequired for heterogeneous catalyst support materials.
of this must be achieved with the support being chem-This latter property is particularly useful during oxida-
ically resistant, cheap, abundant and not strategicall§ive regeneration (frequently used in the heterogeneous
limited. Easy preparation of large, well characterizedcatalysis field in order to burn off the carbonaceous de-
samples of the support material is also necessary.  posit on the catalyst surface during the reaction) and,
Usually, industrial supports are based on high surfacén general, high thermal conductivity allows new op-
areay-Al,0s, pure or doped with different elements in tions in designing processes which are highly exother-
order to improve the mechanical and thermal stabilitymic or endothermic. In certain conditions the formation
of the support[1, 2]. Under normal reaction conditions,of SiO, by oxidation can be a serious drawback to the
y-Al,Oz is stable, but at temperatures between 700 andse of SiC as a catalyst support. Finally, the chemical in-
1000°C and in the presence of steam, a phase tran®rtness of the support allows easy recovery of the active
formation occurs, first to metastabde and6-Al,O3  phase without severe processes such as those generally
leading to the formation af-Al ,O3 with a low surface  employed for alumina-based spent catalysts.
area [3]. In addition, the chemical interaction between All of these advantages lead to the conclusion that
the alumina support and the active phase leads to thglicon carbide is a promising candidate for a hetero-
formation of a new compound, resulting in loss of thegeneous catalyst support. However, for SiC to be use-
active phase and as a consequence, the catalytic actiful as a catalyst support it must be prepared in a high
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surface area form=20-30 n?-g~1) and an inability  (Fig. 1b). The alumina crucible was introduced into an
to do so has been the limiting factor in its applicationimpermeable densified silicon carbide tube (inner di-
in catalysis. For this reason, considerable attention hagmeter 130 mm, length 800 mm). This configuration al-
been focused on developing preparative methods tha@wed arelatively low residual pressure (0.05 Torr). The
will yield high surface area materials from different reactor was heated by four lanthanum chromite heater
reaction types such as solid-solid, gas-solid and gaglements and controlled by two temperature regulators
phase reactions [6—11]. More detailed reviews concernEurotherm 818P. The vacuum was obtained using a
ing new synthetic routes to high surface area non-oxidéurbo pump. After reaction, the final silicon carbide was
materials have recently been reported by Chorley angooled under dynamic vacuum to room temperature.
Lednor [12] and by Carty and Lednor [13]. Before starting the reaction, the activated charcoal
It has been reported by Ledoux and co-workers [6-9}vas outgassed at 1000 under dynamic vacuum for
that high surface area-@0-40 n?-g~1) SiC can be 2 hin order to desorb the impurities from its surface.
prepared at relatively low temperature by the gas-solid’he CO formed from the reaction between SiO and C
reaction between activated charcoal and SiO vapor. Th&as rapidly pumped out of the reaction zone, pulling
as-prepared material can be used, as efficiently as tHBe equilibrium towards SiC formation. The yield of the
traditional alumina support, for several reactions suctfeaction was strongly limited by the formation of CO.
as hydrodesulfurization [7], automotive exhaust-pipe The samples obtained were divided into two parts:
reactions [14], isomerization reactions [15] and in thethe first for characterization without further treatment
selective oxidation of S into elemental sulphur [16]. (after synthesis) and the second after a calcination in air
Concerning the last cases, the chemical inertness of tht 600°C for 2 h. The latter operation was performed
support avoids the loss of catalytic activity by formationin order to burn off the remaining activated charcoal
of side products such as aluminate (automotive exhaus@cated in the core of the ceramic.
pipe reaction) and aluminium sulfate (desulfurization

process). oL .
The aim of the present article is to report a more2'2' Qharacter!zatlon technlqugs
The silicon carbide was characterized by several tech-

detailed study of the influence of the preparation pa-_. . )
rameters on the synthesis of high surface area SiC, agayes suchas powder X-ray diffraction (XRD), surface

the optimization of the SiC conversion and the surfacdi€@ measurements using the BET method, scan-

area by a combination of all the parameters studie 1ing electron microscopy (SEM), high-resolution elec-

The characteristics of the prepared material were foltron microscopy (HRTEM), thermogravimetric analy-

lowed by several characterization techniques. A moreS'SX(TGA)' ar(;d d('jﬁ;rentt.'al tr;fén[;al analysi (fDTA;)'
detailed characterization will be devoted to the influ- -Ira%: powt er It' rac I??h( )V\{as u)s(eRDor struc-
ence of preparation parameters on the evolution of thfural characterization of the samples. measure-

ceramic surface area, conversion, porosimetry and al jents were perf_ormed on a Siemens MOdeI.DTSOOO
the mechanism of the SiO vapor generation. iffractometer with C, monochromatic radiation

= 1.5406,&). The sample was crushed in an agate
mortar and the powder was packed into 0.5 mm de-
pressions of 4& 44 mm polymer slides. Samples were
exposed to radiation from 10 to 106f 260 angle with a
step scan mode (step0.02° 20 with a step to step time

%f 10 s). The nature of the crystalline phases present in
e sample was checked using the data base of the Joint
ommitte on Powder Diffraction Standards (JCPDS).
Thermogravimetry (TG) and differential thermal
analysis (DTA) were performed using a Balzer thermo-
analyzer. Typical sample size used for analysis was
0.250-0.425 mm with a heating rate ofG min~?.

This technique allowed the exact determination of the
temperature at which all the remaining charcoal was
The generated SiO vapour was then led toward the ugyyrned.

per stage of the reactor where the reactant carbon was The specific surface are&f) was obtained from
located, as shown in Fig. 1la and b. The reaction benitrogen physisorption at-196°C using a Coulter
tween SiO and C occured ata lower temperature (1200AS 3100 sorptometer. The standard pretreatment con-

2. Experimental

2.1. SiC synthesis

The silicon carbide was prepared by the gas-solid rea
tion between high surface area activated charcoal a
SiO vapor under dynamic vacuum. The SiO vapor wag-
generated by heating a mixture of Si and Si®the

temperature range 1200-14@D according to the fol-
lowing equation

Si+ Si0, < 2Si0 1)

1350°C) according to the reaction sisted of heating the sample under dynamic vacuum at
' _ 150°C for 1 h in order to remove the adsorbed water
Si0O+2C — SiC+CO (2)  and other impurities. The measurement was made at

liquid-nitrogen temperature, with nitrogen (Air Lig-
and allowed the production of high surface area SiCuide, 99.95%) as the adsorbate gas. The porosimeter
The schematic diagram of the apparatus used is prellowed the measurement of different kinds of surface
sentedin Fig. 1a. The activated charcoal and the SySiOarea contributionSset is the surface area of the sam-
mixture were located in a densified alumina crucibleple calculated from the nitrogen isotherm using the BET
(inner diameter 60 mm, length 100 mm) which wasMethod, Sz is the surface area of all the pores except
not active towards the reactants or material formednicropores calculated from theMesorptionisotherm,
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Figure 1 (a) Schematic diagram of the apparatus used in the high surface area SiC synthesis and (b) schematic diagram of the crucible used in the
high surface area SiC synthesis.

Shicropore IS the surface area of the micropores calcu-out with a Topcon EM-002 B microscope working at
lated using the-plot method developed by De Boer 200 kV equipped with a Kevex analytical system allow-
and co-workers [17]. ing the detection of light elements. The high-resolution

The morphology of the silicon carbide was observedobjective lens with a spherical aberration coefficient
by SEM using a Jeol Model JSM-850 operated at 20 k\(Cs) of 0.5 mm, allowed a point-to-point resolution of
and 10 mA. The samples were covered with gold inthis equipment of 1.8. Samples were supported on ho-
order to avoid the charge effect during analysis. Thdey carbon-coated copper grids by simply grinding the
low magnification of the examined samples allowedspecimen between glass plates and bringing the pow-
better access to the general shape of the final materider into contact with the grid. To prevent artifacts due
compared to that of the starting activated charcoal. to contamination, no solvents were used at any stage

High Resolution Transmission Electron Microscopy of the sample preparation. Great care was taken during
(HRTEM) was used to characterize the microstructureHRTEM observations in order to avoid heating effects
of the material. The TEM experiments were carriedfrom the electron beam.
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3. Results TABLE | Characteristics of SiC as a function of the reaction

3.1. Evolution of the su ort characteristics temperature. Reaction conditions: Si/gi@olar ratio=2, reaction
PP duration=>5 h, (Si+ SiOy)/C* weight ratio=2.5. The BET surfaces ar-

as a function of the reactlon' pararr]et_ers eas reported were those obtained after calcination of the SiC material
3.1.1. Influence of the molar ratio of Si/SiO, after synthesis, in air at 60 for 2 h

on the C — SiC conversion
It has been reported in previous work [18] that the mo_Reaction temperature BET surface area * —-€SiC conversion
) g1
lar ratio of the Si/Si@ source could play an important (g7 )

role in the formation of SiC, probably by modifying the 1509 105 21
partial pressure of SiO vapour as will be discussed laten2s0 46 59
The saturation of the active sites, present on the actit300 26 7

vated charcoal, by SiO molecules at the beginning of

the synthesis probably improved the nucleation sites for o
SiC formation and thus increased the final yield of SiC,POre distribution centered around 20 nm was observed

as already observed by Peschiera [18]. In this sectiorlong with the decrease in the material surface area
the influence of the molar ratio of the Si/Si@nixture  (1able 1). Decreasing the reaction temperature to less
on the final conversion of SiC will be investigated. ~ than 1200C did not allow the transformation of the

ferent molar ratios of Si/Si@mixture at 1250C for The influence of the reaction duration was investi-
5 h and the results obtained are presented in Fig. 2. Ifdated atreaction temperatures of 1250 and T800ith

creasing the Si/Si©molar ratio led to a volcano curve &(Si/SiG)molarratio of 2. The results are summarized
as far as the final conversion of the activated charcod Table Il. High surface area SiC was formed rapidly
was concerned. The amount of SiC reached a maximum

when the molar ratio Si/Siwas 2. For higher Si/Si©  TABLE 11 Characteristics of SiC as a function of the reaction du-
molar ratios the quantity of SiC produced slowly de- ration and temperature. Reaction conditions: SijSiblar ratio= 2,

creased. The maximum corresponded toa yieId of 599 Si+ SiO,)/C* weight ratio=2.5. The BET surfaces areas reported were
! those obtained after calcination of the SiC material after synthesis, in air

in terms of carbon transformed into SiC. at 600°C for 2 h
3.1.2. Influence of the reaction temperature Reaction temperature Reaction temperature
1.z . i i , (1250°C) (1300°C)
the duration and the (Si+ SiO,)/C*
ratio on the support surface area Reaction  BETsurface *G»SiC BETsurface C— SiC
and porosity duration (h) area (frg1) (%) area(M-g 1) (%)
The influence of the reaction temperature with a re- 112 16 65 32
action duration of 5 h on the pore size distribution of , 77 26 — —
the calcinated SiC is presented in Fig. 3. The pore sizes 60 39 31 63
distribution of the SiC material synthesized at a tem- 4 49 46 — —
perature<1250°C was bimodal with the average pore 3 3‘15 22 ii ;;
sizes centered around 5 and 20 nm. At higher temper;, 26 70 10 85

atures, the small pores (4—5 nm) collapsed and only a
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high conversion{80%), but accompanied by a drastic
drop in the material surface area; i.e. at 1260and

B 10 h of reaction the conversion was 70% whereas the
surface area was only 26°mg~* (Table II).

The results observed above show that high surface
area SiC can be obtained by reacting the SiO vapor
and activated charcoal at temperature around 1250
However, reactions carried out at 12@for 5 h have
shown that, at such a low temperature, the SiC forma-
tion was strongly inhibited due to the low rate between
the SiO vapor diffusion in and the carbon diffusion out
whereas at temperatures 250°C the increase in the
C* — SiC conversion was obtained along with a drastic

1 10

Pore size distribution (nm)

Figure 4 Pore size distribution of the SiC materials synthesized at

100 1000

decrease in the material surface area due to the surface
diffusion phenomenon which induced the disappear-
ance of the small pores. The results of the synthesis at
1200°C for 15 h with different (S# SiO,)/C* ratios are

1250°C as a function of the reaction duration. Reaction conditions: SUMmMmarizedin Table Ill. At high (Si- Si0,)/C* weight
(Si/Si0z) molar ratio= 2, (Si+ SiO)/C* ratio= 2.5.

ratio a high SiC yield can be obtained with a relatively
high surface area. The surface area of the material re-

at the begining of the reaction (1 h) and then the surmained unchanged at around 46-48-gr* when the
face slowly decreased as the duration of the synthesig” — SIiC conversion was increased from 55 to 75%,
and the conversion increased. The sample prepared Which showed that the SiC surface area could be quite
1250°C for 3 h exhibited a surface area after calcination independent from the total conversion.

of around 60 m-g~* and a C — SiC conversion of

36%. ThI_S Surface_areaSIOWIy de_cr_eaged_qs afunction quB LE Il Characteristics of SiC as a function of the {Si0,)/C*

the reaction duration. H.OWGVGI’, it is significant to nOteweight ratio. Reaction conditions: Si/SiOmolar ratio=2, reaction
that the carbon conversion was almost unchanged aft@mperature= 1200°C, reaction duratios= 15 h. The BET surfaces ar-

5 h of reaction. The influence of the reaction duration agas reported were those obtained after calcination of the SiC material
1250°C on the pore size distribution of the calcinatedater synthesis, in air at 60C for 2 h

SiC is presented in the Fig. 4. Increasing the reacti?T:S?iJr Sioy)/C* BET surface area Cos SiC

duration caused collapse of small size pores (4-5 n
along with a decrease in the material surface area, as

eight ratio (mt-g b conversion (%)

observed above. At relatively low temperatures the in—g jg 23
fluence of reaction duration was negligible (Peschiera,, 48 .

1993). It could thus be stated that a reaction temperature
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3.2. SiC characterization which the oxidation rate is not significant as already
The results obtained above have shown that the difreported in the literature by several authors [20, 21].
ferent synthesis parameters have a significant influence

on SiC formation. However, these parameters only con3,2.3. Scanning electron microscopy (SEM)

cern the total conversion and surface area of the finaSEM micrographs of the starting activated charcoal
SiC whereas other physical characteristics, i.e. crysand the resulting SiC (after synthesis) are presented
talline structure, resistance to oxidation and morpholin Fig. 7. The low magnification SEM images, pre-
ogy of the material remain unchanged. The influence okented in Fig. 7a and c, show that the macroscopic shape
these characteristics will be investigated below using &f the activated charcoal was retained during the SiC
single material synthesized at 128D for 7 h with a  synthesis.

(Si+ SiO)/C* ratio of 6. A surface modification was observed at higher mag-
nification and is presented in Fig. 7b and d. After syn-
thesis an important morphology change was observed:
3.2.1. XRD . ) the smooth surface of the activated charcoal (Fig. 7b)
The XRD patterns of the starting activated charcoal andy 55 completely transformed into an aggregate struc-

of SiC, after synthesis and after calcination at 600 e (Fig. 7d). The morphology observed on the SiC

are presented in Fig. 5. The XRD pattern of the acli-gamples after synthesis was retained after calcination
vated charcoal (Fig. 5a) showed almost no diffractio

) i Nat 600°C for 2 h, meaning that the material was stable
lines and confirmed the amorphous character of the Massiar this treatment.

terial. The XRD pattern of SiC after synthesis (Fig. 5b)
showed the diffraction lines corresponding to the mix-32 4. Hiah Jution t .. lect
ture of x- and 8-SiC along with a broad peak at low ““"™ lgn-resoiution transmission electron

diffraction angles, which corresponded to the presenc microscopy (HRTEM). . . .

of an amorphous phase in the sample. The amorphojﬁshe TEM 'T"C“?graph of the SiC material obtained is
phase could be the remaining activated charcoal insidgresented.m Fig. 8 'and shows the presence of aggre-
the SiC matrix. No traces of other compounds such agated particles of S'C.:’ a!most no am'orphous phase is
Si or SiQ, were detected meaning that such compoundeserved' Atter calcination at 60Q in ar, all the

were either present in very small crystalline amounts ofémaining actlvatgd charcoal had dlsappeared: _ngh
in an amorphous form. resolution TEM micrographs showed that the silicon

After calcination at 600C for 2 h in air, thebroad carbide prepared by the gas-solid reaction contained

. : : significant density of stacking faults and microtwins
peak at low diffraction angles had disappeared and onl o .
diffraction lines corresponding to silicon carbide Wereglolr,:g the [éll]_ dlregt!onF._Thg plresence fo. th?. sta.ctl<r:ng
observed (Fig. 5¢). The XRD pattern of the calcinateafau s can be viewed in Fig. 8 (low magpnification): the

sample again showed no evidence of the formation O§tack|ng fal.“ts are reveal_ed on the TEM micrographs
as black stripes in the grains. A relatively large faulted

SiO, or other species meaning that during the calci-"> °
nation step no bulk oxidation of SiC occured. This region can be_ observed f.fo”.‘ afeV.V tens of hanometers
meant that calcination at 60C allowed the complete uptoa feV\;]mFlprosr;etﬁrs |nti|ze.tng'h-res:JIut'lon T]!Et'r\]/l
removal of the remaining activated charcoal inside thdhicrograp (Fig. 9) s ows Ihe alomic scaie view ot the
SiC matrix. S_lC surfac_e and stacking faults along the [111] ghrec—
tion. A similar result has been reported by Pez zitl.
[22] during their investigation of the microstructure of

3.2.2. Thermogravimetry analysis (TGA) the SiC platelet by HRTEM. ,
The TGA spectra of the activated charcoal and the Sic N contrast to the XRD data, which gave an aver-
samples are presented in Fig. 6. The weight loss and dif9€ picture of a large portion of the sample, TEM
ferential analysis curves for the activated charcoal in@nalysis allowed the observation of a very small zone
dicated that essentially all weight loss started at aroun§microstructure analysis). The HRTEM micrograph
500°C and corresponded to the total oxidation of the ac{Fig. 9) shows that the material obtained was covered
tivated charcoal. On the SiC materials the weight los®Y an amorphous phase (thickness ca. 2-3 nm) which
started at a higher temperature, whatever the sampl¥as notdetected by XRD. The existence of sucha phase
meaning that the SiC coating acted as a diffusion parbas been reported by dn‘ferent authors in th(=T literature
rier for the activated charcoal oxidation [19]. [23-25] and has been attributed to i0r SiG,Cy
However, as can be seen on the TGA spectrum, Rhase. The precise composition of such a phase was
slow increase in weight was observed at a temperatur@ot Straightforward due to the amorphous character of
of around 700C. This phenomenon was attributed to the sample. Previous HRTEM analysis coupled with
the oxidation of the silicon carbide itself (Si6 Si0,).  Energy Dispersive X-Ray Spectroscopy (EDS) have
Itis well known that silicon carbide is not stable in air, in Shown that this amorphous phase was composed of
a thermodynamic sense, because it reacts with oxygenl- C and O. However, precise quantification was not
with a negative change in free energy. On the other hand®ossible.
it is significant to note that the oxide film formed on the
material surface may be protective and may force thd. Discussion
oxidation rate to decrease with time. Finally, it should4.1. Structural changes
be pointed out that in many cases the material will bdt was clear that high surface area silicon carbide could
used in a reductive, or poorly oxidative atmosphere, ireasily be obtained from the gas-solid reaction between
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Figure 5 XRD patterns of the active carbon, SiC after synthesis and after calcination in air @ 8001 h. The diagrams were recorded with a step
of 0.05 degree (@ and a scan time of 10 s. In an inset a portion of the SiC XRD pattern was recorded with a step of 0.02 d¢@mee{Zcan time

SiO and C. Different shaped SiC obtained by pre-charcoal into SiC proceeded via a topotactic transfor-
shaping the starting activated charcoal: grain, extrudatenation where one carbon was replaced by one Si with
or monolith could thus be formed. The silicon carbidea concomitant formation of one CO molecule. Such

formed retained the macroscopic structure of the starta transformation should also lead to the formation of

ing activated charcoal, as shown in Fig. 7. The resultpores inside the carbon grains which were the precursor
observed meant that the transformation of the activatedf the final porosity of the SiC material. This allowed
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Figure 6 Thermogravimetry analysis of the active carbon and SiC materials after synthesis under different reaction conditions.

the obtention of a high surface area SiC. However, du@ Si XPS binding energy different to the one found on
to the fact that the material was the result of the reacSiO, (101.5 eV instead of 103.1 eV for SiD Similar
tion between SiO gas and C solid, along this reactionresults were also reported by Mozdzietal.[25] using
layers of SiC were formed on the microscopic surfacea combination of different characterization techniques
(and not a crust on the macroscopic surface) which renlEELS, HRTEM and EDX). The chemical composition
dered transformation of the carbon bulk more and moref the amorphous phase determined from these tech-
difficult, limited by the diffusion of SiO through these niques was Si©s,Co6_1.05. The existence of Sigand
layers of SiC, as previously reported by Ledoux andnot an oxycarbide on the surface of SiC was reported
co-workers [26] during the synthesis of transition metalby Moene [21] using the DRIFT technique; the absorp-
carbides (MgC, WC and VG_y) using a similar gas- tion spectrum showed the presence of three absorp-
solid reaction. tion bands located at 790, 900 and around 1100cm
The SiC material in this work was not structurally which could be attributed to the Si-C vibrations (790
pure but was composed of a mixture of two polymorphsand 900 crmt) and the asymmetric stretching vibration
of SiC: « (hexagonal structure, 2H, 4H, 6H,.) and  of the Si-O groups. However, TPR analysis performed
B (cubic structure, 3C) as observed by XRD data andy Moene and co-workers [21] on the Ni, Cu, Co and
HRTEM. This phenomenon was attributed to the presMo oxides supported on as-prepared SiC displayed a
ence of a high density of stacking faults in the [111] di- lower reduction temperature compared to that obtained
rection of the material as already observed by Benaissaith the same oxides prepared and treated under simi-
et al. [14, 27], Koumotoet al. [28] and by HRTEM lar conditions but supported on bulk SiOrhis led to
results obtained in this work. the conclusion that the oxidic layer on the SiC surface
HRTEM micrograph (Fig. 9) also showed the pres-was not similar to Si@ The most probable interpre-
ence of an amorphous layer (thickness ca. 2—3 nm) otation about the nature of the amorphous phase on the
the material surface. The nature (Si@r SiG,Cy) of SiC surface is to assume the existence of a mixture of
this phase is stilla matter of controversy in the literature SiO, and SiQCy phases as already observed by XPS
Recently, it has been reported by Benaiesal. [14], techniques (not shown).
using HRTEM, that the surface of SiC was covered with During the course of the transformation of the acti-
an amorphous layer which could be attributed toSiO vated charcoal to SiC, an important surface area loss
or oxycarbide species with a thickness of 1-3 nm. Simiwas observed whatever the reaction conditions. This
lar results had already been reported in the literature bgurface area loss could be attributed to the transforma-
several authors using surface techniques (XPS, AES)on of the micropores of the starting activated charcoal
[19, 29]. The product formed was similar, whateverinto meso- and macropores resulting in a lower sur-
the reaction conditions used, i.e. reaction temperaturéace area. The loss could also be attributed to a struc-
and duration and the (8i SiO,)/C* ratio, which means  tural rearrangement of the activated charcoal itself. It
that under the reaction conditions described above, silwas observed by Benaissa al. [30] that during the
icon carbide is the principal product. Porte and Sartrecourse of the reaction, the amorphous active carbon,
[23] and Bouillonet al. [24] had reported the exis- constituted of aggregated basic structural units (BSUs)
tence of a silicon oxycarbide phase which exhibited[31], underwent structural rearrangement diminishing
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(b)

Figure 7 SEM micrographs of the active carbon (7a, b) and SiC (7c, d) after synthesis. The white bar represgnisfdiOBigs a and ¢ and 10m
for Figs b and d.Continued.

the number of initial sites accessible by SiO. There-distributed. As the reaction proceeded, ordering pro-
fore, the proportion of reactive sites of the highly reac-cesses occured within BSUs by removing functional
tive prismatic plane exposed at the active carbon surfacgoups, reducing the number of surface reactive sites.
was greater in the first stages of the reaction and rapidlfhis growth mode affected the conversion rate since
chemisorbed SiO molecules. This provided random nuthe re-organized active carbon did not react with SiO.
cleation sites for silicon carbide in the active carbon ma-The reconstruction of the activated charcoal also ex-
trix [Benaisseet al] during and immediately after the plained the increase in oxidation temperature of the re-
start of the reaction because the BSUs were randomlgnaining charcoal in the core of the final sample where
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Figure 7 (Continued.

compared to the oxidation temperature of the initialat 600°C. This could be explained by the fact thatin the
charcoal. sample before calcination, a fraction of the high surface
A subsequent calcination of the SiC (after synthesishrea activated charcoal located in the bulk of the ma-
at600°C for 2 hinduced a further loss in surface area byterial was not accessible to the adsorbant ga$ éNd
burning the remaining activated charcoal located in theso was not totally taken into account in the measured
core of the material. However, the second loss in surfacsurface area. This fact was also supported by the TGA
area was less significant compared to the theoreticaksults where the starting temperature of the weightloss
surface area loss corresponding to the remaining actof the sample increased as the conversion of the acti-
vated charcoal determined before and after calcinatiomated charcoal into SiC increased. The final material
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Figure 8 TEM micrograph of the SiC after synthesis. The stacking faults visualized as black strips were indicated by arrows.

exhibited a higher thermal resistance compared to thbe explained by the mechanism of the SiO vapour gen-
starting activated charcoal as evidenced by the TGAeration. Under the reaction conditions, several mech-
spectra presented in Fig. 6. Similar results had alreadgnisms could be proposed for the generation of SiO
been reported by Stegenga [29] during an attempt teapour, according to Equation 1: (i) the two step mech-
cover the activated charcoal by layers of SiC in orderanism passing through a gaseous intermediate and (ii)
to increase the material resistance to oxidation for highhe solid-solid reaction.

temperature reaction experiments. In this case, the SiC Atwo step mechanism has been reported by Kennedy
layers played a protective role which rendered oxygerand North [32] in their study, in which Si vapour reacts
diffusion toward the bulk material more difficult. with SiO;, to generate SiO vapour according to the fol-

lowing equations

4.2. Influence of the synthesis parameters Sis) = Si(g)

4.2.1. Sito SiO, ratio i i i

The total conversion of the final material was signifi- Slo + 510 = 2519

cantly influenced by the molar ratio of the Si and $iO Studies ruled out this mechanism as the principal
mixture: the higher the Sito Sinolar ratio, the higher mechanism in the work reported in the present article.
the total conversion. It appeared that silicium presentn Fig. 10 is reported the evolution of the weight loss
in excess could led to the formation of a larger amounbf the Si/SiQ mixture as a function of the reaction
of SiO vapour which would increase the rate of the re-duration at different temperatures which allowed the
action by simple kinetic effects. This hypothesis couldcalculation of the apparent activation energy needed for
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Figure 9 HRTEM micrograph of the SiC material showing the presence of a high density of stacking faults along the [111] axis and an amorphous
layer on the surface.

7 ' the generation of SiO vapour: 250 koI~ whereas
for the two successive steps mechanism the activation
CEER - energy for Si sublimation was 451 kol [33]. If
P the two step mechanism was effective, a change in the
‘:’ 5 1250°C - surface area of Sishould have an effect on the SiO
=y generation, which was not the case [18].
: 4 i On the other hand, a solid-solid reaction thesis was
= 1300°C in agreement with all experimental studies. A study by
5 37 - Peschiera [18] on the SiC synthesis, had shown the in-
E . | fluence ofthe Sigranulometry and of the initial mixture
= densification on the contact surface of the source mix-
& . B ture. The last phenomenon, well known for solid-solid
v/,/'ﬁ(;c/‘ powder reactions, was reported by Beretka [34] and
0 | ‘ | | | Sasaki [35].
Such a result explained well that the SiO concentra-
0 ! S > 6 tion was directly linked to the Si/SiOmolar ratio: as
Reaction duration (h) the SiO vapor was generated via a solid-solid reaction

Figure 10 Influence of reaction duration on the source mixture weight between Si and S'Q |ncrea3|_ng the Si concentration
loss at different temperatures. Reaction conditions: (Sipi@olar  Probably qu to an Increase in the surface contact be-
ratio= 2, (Si+ Si0O2)/C" ratio= 2.5. tween the Si and Si©compounds.
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Figure 12 Influence of a post-synthesis thermal treatment on the specific
Figure 11 Evolution of the average rate of carbide formation (V) as a surface area of SiC material.
function of the reaction temperature.

activation energy, in the domain of chemical kinetics,
However, a high Si/Si@molar ratio 2) led to a was calculated at 233 kanol~2, confirming that the
reverse trend and resulted in a SiC yield drop. ThisSiO vapor generation was the limiting step.
phenomenon was attributed to the excessive genera- The SiC yield was significantly improved up to
tion of the SiO vapour during the first hours of heating 70-85% by increasing the reaction duration at 1250
which could have escaped leading to a SiO deficiencyr at 1300°C (Table II). The relatively low surface area
for the rest of the synthesis and thus, decreasing thebtained (20-26 A g~*) when increasing the dura-
total conversion. tion of the reaction was attributed to a surface diffusion
phenomenon reorganizing the surface at a lower energy
. level by filling the pores. This phenomenon was well
4.2.2. Temperature and duration on the illustrated by the porosimetry reported in Figs 3 and 4.
SiC formation . Similar observations were reported by Elder and Krstic
The results _ha\_/(_a shown that the reaction temper 9] and Haseet al.[40] who observed that SiC started
ture had a S|gn|f|cant effect on the final surface are o sinter, by surface diffusion, at a temperature lower
of the m_altenal. at 1200C the surface area Was ., the theoretical sintering temperature. This sinter-
105nt - g~*, whereas at 1300 the surface area was ing process was proportional to the surface energy of

-1 . .
only (126 ng: .' ’?‘W.f'rSt hlypothre]z'&ﬁ coulq be pro- the material. The surface energy increases as the spe
posed to explain this result: at high reaction temper;sc s rface area of the material is increased.

ature .(13.00(:) the .SiC ini'gial nuc_le"rapidly sintered In order to prove this surface rearrangement the fol-
resulting in large SiC particles with low surface area.|qing experiment was carried out a batch of SiC syn-
A second way to explain this result was to Cons'derthesized at 1250C for 5 h with a surface area of
surface diffusion phenomena.. .46 nt-g~! (after calcination) was treated again un-
Fig. 11 presents the Arrhenius plot 9f the eVOIUt'Onder dynamic vacuum at the same temperature well be-
gf dtheblogarlghtr)n of the rate of formatlc_)n of ”“? ﬁaf' low the theoretical temperature of sintering (2000,
ide obtained by averaging many reactions (weight iny, jitrarent durations without reactants, neither carbon

crease per hour with a reac_tion duration of 7 h) S dor SiO. The evolution of the surface area of the sam-
function of the reverse reaction temperature. The Si le is presented in Fig. 12. Aftd h the surface area

rate of formation exhibited two different regimes ac- dropped to 26 - g~* and then slowly diminished to
cording to the reaction temperatures used. At low reacraach 20 rA-g-! after 10 h. This rapid collapse due
tion temperature, the SiC formation rate was apparentI)(O the disappearance of the smallest pores (higher sur-
limited by the SiO generation (chemical rate limita- ce energy) confirmed the proposed mechanism. At

tion), whereas, at higher reaction temperatures, the Si 0 n?- g1 the surface seemed to have reached a low
formation rate was significantly increased. At such a5table energy state

high rate the diffusion of CO out of the bulk and of

SiO into the matrix could become the limiting effect,

the other kinetic factors being negligeable. A similar 4.2.3. Influence of the (Si + SiO,)/C*

double regime was already described and known aBrom all the preceding results it could be concluded that
the “Shrinking Core Model” by Hurset al. [36] and  a high surface area SiC could be obtained at 250
by Falconer and Schwartz [37] for oxide material re-within a short reaction time. A higher temperature and
duction. At the beginning of the reaction, the reactivea too long reaction duration would have a negative ef-
surface was at its highest area and then, continuousliect both on the structure of the carbon (reconstruction
shrunk as SiC progressively covered the carbon, inwhich decreases the number of reactive sites) and on
creasing the difficulty for SiO and CO to diffuse. This the final porosity of SiC (diffusion and sintering). How-
transition was also related by Scott Fogler [38]. Theever, a low reaction temperature and a short reaction
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duration would give a too low total conversion. Low 7.
conversion leads to a weaker strength of the SiC grain
after burning the unreacted charcoal inside the material &
The remaining solution was to increase the relative par-
tial pressure of SiO which was shown as a very positive g
factor in the kinetics of the reaction. When the ratio

(Si+ SiOy)/C* was increased, which was the way to 10.

increase the relative partial pressure of SiO, the con-

; ) : Jr
version of the activated charcoal was greatly increased.
Even at 1200C, a very low temperature, stable surface,.

areas£46 nt - g~ 1) after calcination could be obtained
at relatively high conversion<{75%).

14.

5. Conclusion
High surface area SiC>(48 n?-g~!) was prepared
from the gas-solid reaction between SiO vapor and ac-

tivated charcoal according to the method developed by®

Ledoux and co-workers. The size and shape of the fi-

nal ceramic was controlled by pre-shaping the startq7.

ing charcoal as the macroscopic shape of the charcoal

was retained after the reaction. The reaction temperal8-

ture had a significant influence on the final surface area
of the material: at reaction temperatures higher than

1300°C, a drastic loss in surface area was observedq.
due to the collapse of particles resulting in the disap-21.
pearance of small pores between 5 and 10 nm. Secod?-

darly, the reaction duration had a significant influence
onthe final surface area of the material, especially wheij,
the reaction was conducted at temperatures higher than
1250°C. The synthesis conducted at relatively low tem-
perature (1200C) and long reaction duration (15 h) 25.
with a high ratio (Si and Sig)/ activated charcoal al-
lowed the formation of a SiC with a medium surface ,
area (40-50 - g~1) and a high C to SiC yield. To im-
prove this surface area, the use of dopants have proved.
to be a very efficient method and these results will be

published later. 28.
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