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Abstract: A silicon carbide derived carbon ( SiC-DC) with a high specific surface area (SSA) fabricated by chlorination of a sili-
con carbide derived from polysiloxane was activated by CO,. The effect of activation temperature and time on the microstructure of
the activated samples was investigated by N, sorption, XRD, SEM and TEM. Results showed that CO, activation effectively
changed the pore structure of the SiC-DC and had little impact on carbon crystallinity. The activated samples retained the morpholo-
gy of the SiC powder or the non-activated SiC-DC. The SSA, total pore volume ( V tot) and micropore volume of the activated SiC-
DCs all increased and the yield decreased with increasing activation temperature or time. The SSA and Vtot increased by 46.5 %
(from 1 316.8 to 1 929.0 m*-g") and 86.4 % (from 0.560 to 1.044 cm’-g" ), respectively after the SiC-DC was activated at
950 C for 2 h, mainly as a result of the increased micropore volume.
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1 Introduction hydrogen and methane storage''”’, electrode material
in supercapacitors*®’ or Li-ion batteries'’, protein

Carbide derived carbons (CDCs) have been at- sorbents'**" and for tribological films''""". By choo-
tracting much attention in recent years for their high sing a carbide precursor, chlorination temperature and

efficiency in a large number of applications such as annealing procedure, the pore structures and proper-
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ties of nanoporous CDCs can be finely controlled.
Nevertheless, their specific surface areas or pore vol-
umes were limited by the atom ratio of M/C in car-
bide precursors ( M, C ). Consequently, activation
techniques, which are often used for fabrication of
nanoporous carbon materials, can be applied to
CDCs. Related studies have been reported in ref.
[12-15].

Among all conventional activation techniques,
physical activation by CO, is often used for the reason
that CO, is a relatively mild oxidizer, which leads to
a better control over the development of microporosity
during activation as compared with other reagents
such as oxygen, steam and air''®'"). Its low cost and
simple manipulation is also attractive to researches.
However, it’ s not easy to find optimal conditions to
balance the carbon yield and desired porosity. Be-
sides, their optimal conditions may also vary with dif-
ferent CDCs and applications.

In this paper, we fabricated a kind of micro-
porous silicon carbide derived carbons ( SiC-DCs)
from polysiloxane, and the effect of activation tem-
perature and time on their pore structure was investi-
gated. The carbon crystallinity under different condi-
tions was also studied simultaneously.

2 Experimental

2.1 Sample preparation

SiC ceramics were produced from commercially
available polymethyl ( phenyl ) siloxane resin ( Dow
Corning 249 flake resin). The polysiloxane precursor
was firstly cross-linked at 250 C in air for 4 h, and
crushed into powders by using a disintegrator. The

powder ( with particle sizes ranging from 150-250
pm) was placed in a graphite crucible and heated to 1
200 C for 2 h under nitrogen (99.999% pure) with
a heating rate of 5 C/min and then allowed to cool
naturally. Subsequently, the SiOC was ball-milled to
micron powders ( <20 pwm particle size) and thermal-
treated at 1 700 C under vacuum for 6 h.

The SiC powder was placed in a horizontal tube
furnace ( diameter 60 mm ), purged with nitrogen,
heated to 900 C with a rate of 5 C - min" and ex-
posed to dry chlorine gas (15-20 cm’ -min™) for 3 h.
After chlorination, the sample was treated at 600 C
for 2 h under flowing ammonia (NH, ) in order to re-
move residual chlorine and volatile chlorides trapped
in pores. As-prepared SiC-DC sample was treated in
the same horizontal tube furnace under flowing CO,
atmosphere (15-20 cm’ -min™ ) at different tempera-
tures with different dwelling times.

2.2 Characterization

Quantitative elemental analysis ( EA) of the
samples was performed on a LECOCS600 for carbon
in the SiC ceramics ( Table 1). The perchloric acid
dehydration gravimetric method was adopted for the
determination of Si content. And the residue element
is considered to be oxygen. Given that the carbon at-
oms should connect with each other or Si atoms while
O atoms connect with Si atoms only, atomic formula
and calculated composition could be obtained accord-
ing to ref. [18]. It is calculated that nearly 3. 66
wt. % of the as-prepared SiC ceramics from PSO is
assigned to free carbon, and the atom ratio of C/Si
(C versus Si atoms) reached 1. 13. The amount of
oxygen atoms can be neglected.

Table 1 Elemental composition of SiC powders.

Composition /wt. % . .. Free carbon
- Atomic formula Calculated composition
Si (6] C /wt. %
67.44 - 32.56 SiC; 3 SiCy 0+Co 13 3.66

Note: Atomic formula is based on the formula SiO.C, [18)Calculated composition is based on the formula SiO,C | )+ y-(1-x/2) c 8],

N, adsorption-desorption isotherms were obtained
using a Quantachrome instrument at 77 K. The
Brunauer-Emmertt-Teller (BET) method was used to
determine the specific surface area ( SSA ). The
quenched solid density functional theory ( QSDFT)
was used to analyze the pore size distributions ( PS-
Ds) and pore volumes. Scanning electron microscopy
(SEM) was performed on the samples with no sputter
coating using a HITACHI FEG S4800 scanning elec-
tron microscope operating at 10 kV. The samples for
transmission electron microscopy ( TEM) were pre-
pared by dispersing powders in ethanol and dropping
the solutions over a copper grid. TEM measurements

were performed using a JEOL JEM2100F microscope
operating at 200 kV. X-ray diffraction (XRD) analy-
sis was managed using a Rigaku diffractometer with
Cu Ka radiation (k=0. 154 nm) operated at 30 mA
and 40 kV. XRD patterns were collected using step
scans, with a step size of 0. 01° (26) and a count
time of 2 s per step between 10° (26) and 80° (26).

3 Results and discussion

To investigate the effect of CO, activation condi-
tions on the pore structure of SiC-DCs, two factors
(activation temperature and time) were considered in
this paper. Table 2 summarizes the weight loss of the
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non-activated sample ( SiC-DC) as a function of acti-
vation temperature and time. We could observe that
the values of weight loss increased with increasing ac-
tivation temperature and time. It’ s worth noting that
the value of weight loss was very small (0.3 wt. % )
when the SiC-DC was activated at 750 C for 2 h, im-
plying that a higher temperature should be needed.
However, when the activation was carried out at
1 000 C for 2 h or at 950 C for 3 h, a high weight
loss (beyond 75 wt. % ) was observed. Therefore, it
can be concluded that the suitable CO, activation for
this material should be carried out at 800-950 C for
1-3 h.

Table 2 Weight loss of SiC-DC as a
function of activation condition.

Temperature Time Weight loss
/T /h /wt. %
750 2 0.3
800 2 8
850 2 20
900 2 31
950 2 55
1000 2 82
900 1 26
900 3 42
950 3 75

3.1 Activation temperature

Fig. 1 shows the N, adsorption-desorption iso-
therms and the corresponding pore size distributions of
samples activated at different temperatures. All sam-
ples exhibit a type I isotherm (Fig. la) according to
the TUPAC classification'"”’ | suggesting that the sam-
ples were predominantly microporous. No obvious
hysteresis loop was observed for all samples after acti-
vation, meaning that the samples own few meso-
pores. Besides, the curves show some tiny tails at
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high relatively pressures ( p/p,>0.9), implying that
a few macropores also exist in these samples. Further-
more, it can be observed the isotherm curves uplift
with increasing activation temperature. This change is
consistent with the weight loss evolution caused by ac-
tivation. Then, we can infer that increasing activation
temperature is helpful for generating micropores.

The corresponding pore size distributions ( PS-
Ds) of samples activated at different temperatures are
calculated by the quenched solid density functional
theory (QSDFT), as shown in Fig. 1b. All samples
exhibit a single narrow peak at about 0.9 nm. And it
is found that the peak moves toward the right direction
and becomes high with increasing the activation tem-
perature, indicating that a higher temperature activa-
tion will lead to a larger size and a higher number of
micropores. Besides, when the temperature reached
up to 950 C, a tiny should-peak centered at ~2 nm
was observed. This phenomenon indicated a transition
from micropores to mesopores to some extent.

Pore parameters are summarized in Table 3. We
can see the specific surface area (SSA) and total pore
volume (V) of SiC powders are very small, impl-
ying that very few pores exist in this SiC powders.
For the carbon samples, the value of SSA and V,
both increase with the activation temperature, with
maximum values of 1 929 m’-g” and 1.044 cm’-g™,
respectively. Actually, the value for SSA increases
by 46.5% for the sample activated at 950 C for 2 h
as compared with the non-activated sample. This
change is mainly contributed by the augment of mi-
cropore volume (V). The ratio of micropore vol-
ume to total pore volume (V,./V, ) is very high
(beyond 85% ), demonstrating that CO, activation
prefers to increase micropores under the studied condi-
tions.

1.8

(b)
15

T

1.2

0.9
—ao—Non-activated
—>—800 °C
—=—850 °C

0.6

dV-(dD)"/cm?-(g-nm)’'

0.3

0.0

0.1 1 10 100
Pore width D /nm

Fig. 1 (a) N, sorption isotherms and (b) corresponding pore size distributions for
SiC-DC samples activated at different temperatures for 2 h.
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Table 3 Summary of pore parameters for SiC powders and SiC-DC samples activated under different conditions.

Sample SSA Vit Vimie(d < 2 nm) Viie” Viot
Temperature /C Time /h /m?-g’! /em? g /em® gt /%
SiC powders 4.3 0.012 - -

Non-activated SiC-DC 1316.8 0.560 0.487 87

800 2 1404.2 0.617 0.523 85

850 2 1502.6 0.636 0.571 90

900 2 1814.8 0.806 0.705 87

950 2 1929.0 1.044 0.896 85

900 1 1491.3 0.687 0.564 82

900 3 1903.7 0.951 0. 806 85

Note: Specific surface area (SSA) estimated at p/p, =0.05-0.25. V, —total pore volume, calculated at p/p,=0.99. V_, —Calculated by quenched

)

solid density functional theory (QSDFT) method using equilibrium model for slit pores. ‘-’ symbols a small value which is close to zero.

The carbon crystallinity evolution of the samples
as a function of activation temperature is determined
by X-ray diffractions (XRD) as shown in Fig.2. The
SiC powder showed a typical diffraction pattern of S3-
SiC (or moissanite-3C with a cubic structure ) , char-
acterized by broad diffraction peaks at 35.6°, 41.4°,
60°, 71.8°, 75.5° (20), corresponding to (111),
(200), (220), (311) and (222) SiC phases, re-
spectively. For other samples, two broad peaks cen-
tered at ~26° and ~44° were observed, which were
designated to a typical characteristic of amorphous
carbon. Besides, the discrepancy between these ima-
ges could nearly be neglected for all samples, sugges-
ting there is no obvious difference of carbon
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Fig. 2 XRD patterns of SiC powders and SiC-DC samples
activated at different temperatures for 2 h.

Dense area‘

Fig. 3 (a) SEM image and (b-h) TEM images of the SiC-DC samples.
(a-d: Non-activated sample; e-h: The sample treated by CO,activation at 900 C for 2 h. White arrow symbols graphite ribbons,
and black double arrows symbol nanopores. (c-h) TEM images are attributed to porous area and dense area of two samples above, respectively. )

Fig. 3 depicts SEM and TEM images of the non-
activated sample and the sample activated at 900 C
for 2 h. Since the carbon crystallinity has a small
change as a function of the activation temperature,
images for the other activated samples are not shown
here. It can be observed that both two samples have a
dominant dense area and a small proportion of porous
area. And the amorphous structure and graphite rib-

bons are observed on both the dense and porous are-
as. This phenomena are well in accord with the mi-
croscopic morphology of the SiC powders pyrolyzed
from polysiloxane, as shown in Fig. 4. Graphite rib-
bons can be easily found in the edges of crystalline
SiC particles, especially in the porous area. Accord-
ing to literatures'®?"’ and our previous work'?,
SiOC experiences a carbothermal reaction ( SiO,+ 3C
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— SiC + 2CO). The silica phase is yielded by the
phase separation as SiC,0,, , —xSiC + (1-x) SiO,.
Abundant nanopores can be generated during the car-
bothermal reaction. Nevertheless, most pores will dis-
appear again due to partial sintering of the nanocrys-
talline SiC and viscous flow of silica at a high temper-
ature'?**/ . Simultaneously, the free carbon in SiOC
experiences a transition from an amorphous structure
to graphite, and a small part may be derived from the
SiC framework ( SiC,—SiC + (x-1)C). Thus, a
small area of the samples seems in a high porosity

(Fig. 3). However, it is worth noting that for the
SiC-DC and its activated products, there are relatively
abundant and homogeneous microporous pores in both
the dense and porous areas, which is different from
the SiC powder. The graphite ribbons were demon-
strated to be the free carbon in the SiC ceramics from
polysiloxane'®'. Obviously, the activated samples
preserved the previous morphology and microstruc-
tures (like graphite ribbons) of SiC ceramics and the
non-activated sample.

Fig. 4 (a,b) SEM and (c,d) TEM images of the SiC powders.

3.2 Activation time

From the results above, we can infer that the
pore structure of the SiC-DC will be subjected to an
obvious change at the activation temperature of
900 C. Thus, the effect of activation time on the
pore structure of the SiC-DC was further investigated
at this temperature. Fig. 5 shows the N, adsorption-
desorption isotherms and the corresponding pore size
distributions of the samples activated at 900 C for dif-
ferent times. For all samples, the isotherms
(Fig. 5a) can be classified as a type I, which indi-
cates that carbon materials are microporous after acti-
vation. Besides, it can be found that the curves uplift
with increasing the activation time. The corresponding
pore size distributions ( PSDs) of the samples activa-
ted for different times are shown in Fig. 5b. Obvi-
ously, the PSDs are single-modal and narrow, with
the range of 0. 6-2 nm. Furthermore, the pore peak
moves toward the right direction and becomes high
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with increasing the activation time, meaning that a
longer activation time will also lead to an increase of
the size and the numbers of micropores. These phe-
nomena are very similar to the results above at differ-
ent activation temperatures.

Pore parameters for the samples activated at
900 C for different times are also summarized in Ta-
ble 3. We can see that the SSA of the SiC-DC in-
creased mildly. When the as-received sample was ac-
tivated for 2 h, the SSA and V,, increased by 37.8%
and 43. 9% , reaching up to 1 814. 8 m’ - g and
0.806 cm’ - g, respectively. As the activation time
was extended further to 3 h, the SSA and V,, uplift
by 44. 6% and 68. 9% , respectively. Therefore, it
can be inferred that the V,, increases faster than the
SSA when the activation time is beyond 2 h. This
change might be explained by the reason that the pore
size would be enlarged when a long activation time

was adopted.
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Fig. 5 (a) N, sorption isotherms and (b) corresponding pore size distributions for SiC-DC samples activated at 900 C with different times.
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4  Conclusions

CO, activation could further improve the porosity
of SiC-DCs. Interestingly, this method prefers to in-
crease the microporosity other than meso- or macropo-
rosity, and has little impact on carbon crystallinity.
The maximum SSA (1 929 m’-g"') was obtained at
950 C for 2 h. Nevertheless, the transition from mi-
croporosity to mesoprosity will happen when a high
activation temperature ( beyond 850 C for 2 h) or a
long activation time (beyond 2 h at 900 C) is em-
ployed.
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