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Pillared carbons with interlayer spacings of 1.27-1.37 nm were obtained from graphite oxide
repeatedly silylated with methyltrichlorosilane, when the content of it was higher than
1.5/GO unit. The BET surface area of the resulting pillared carbons reached 723 m2/g and
decreased with the increase in the content of Si because of the increase in the density of
pillar. Based on the intercalation behaviors of n-alkylamine molecules into pillared carbons,
it has been concluded that the entrance for organic molecules between pillars and length of
pillars were almost independent of the pillar density. The molecular length of n-butylamine

molecule added during the silylation of graphite oxide seems to determine the length of
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the pillars.

INTRODUCTION

Recently, various types of porous materials with controlled pore
structures have been prepared and tested for the support of cat-
alysts, gas storage, separation, adsorbents, electrode of electric
double layer capacitor, and so on. They include template car-
bons (Kyotani, 2006), mesoporous silicas or non-siliceous oxides
(Kresge et al., 1992; Bagshaw et al., 1995; Shimojima and Kuroda,
2008; Yamauchi et al., 2009a,b; Hoffman and Froeba, 2011; Dong
and Ferdi, 2014), porous coordination polymers/metal organic
frameworks (PCPs/MOFs) (Yaghi et al., 2003; Kitagawa et al,,
2004; Rosseinski, 2004; Férey, 2008; Jiang and Xu, 2011), etc. In
this context, we have prepared porous pillared carbons from the
thermal reduction of graphite oxide silylated with various sily-
lating reagents (Matsuo et al., 2007, 2009a,b, 2012a; Matsuo and
Konishi, 2011). In these materials, the adjacent carbon layers are
connected with each other by silica or silsesquioxane pillars and
meso- or micropores surrounded by carbon layers and pillars are
formed. Some of them have been tested for the electrode of electric
double layer capacitor (Yoo et al., 2011), hydrogen storage mate-
rials (Matsuo et al., 2012b), and size-selective gas sensors (Mat-
suo et al., 2012¢, 2014). Among them, pillared carbon obtained
from graphite oxide repeatedly silyated with methyltrichlorosilane
showed very unique properties. For example, organic molecules
are size-selectively intercalated into it, indicating that the distance
between adjacent pillars for the entrance of them is precisely con-
trolled between 0.36 and 0.4 nm and the pillars are flexible (Matsuo
and Konishi, 2011; Matsuo et al., 2012a). It also stored consid-
erable amounts of hydrogen at room temperature under high
pressure with a relatively high heat of adsorption (Matsuo et al.,
2012a). Apart from the flexible PCPs, which are recently defined
as soft porous crystals (Horike et al., 2009), porous materials with
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structural flexibility were rarely reported, except for the zeolite
template porous carbons under high pressure (Ito etal., 2013). The
PCPs have been widely studied and many interesting results have
been provided; however, very few PCPs with high conductivity,
which is inevitable for the use of them in electrical or electro-
chemical devices have been prepared (Yang et al., 2010; Zeng et al.,
2010). On the other hand, pillared carbons show not only similar
structural flexibility but also high electrical conductivity, there-
fore, they are promising for these applications. It would be very
interesting if we can modify the pore structure of these unique
pillared carbons.

In this study, pillared carbons were prepared from graphite
oxide silylated with methyltrichlorosilane for various times and,
their porous properties were investigated based on the nitrogen
gas adsorption and the intercalation behaviors of n-alkkylamine
molecules. We have already studied the pillared carbon obtained
from graphite oxide silylated with methyltrichlorosilane for three
times in detail (Matsuo and Konishi, 2011; Matsuo et al., 2012a);
however, the effect of the Si content in the silyalted graphite oxide
on the formation of pillared carbons and porous properties of
them are not understood yet. It is expected that the changes of the
Si contents may change the distance between pillars, the size of
pores, surface area, etc.

MATERIALS AND METHODS

Preparation of pillared carbon was performed in the same man-
ner as reported in our previous studies (Matsuo and Konishi, 2011,
2012). Graphite oxide was prepared from natural graphite powder
(57-74 pm) in fuming nitric acid using potassium chlorate, based
on the Brodie’s method (Brodie, 1859) and oxidation procedure
was repeated for five times. The composition of the resulting GO
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was CgHj3,004.5. GO was silylated as follows (Matsuo et al., 2004,
2005). GO (100 mg) was mixed with n-butylamine [C4HoNH,,
hereafter abbreviated as Cy4, 2 ml; 32 mol/GO unit (CgH3,0045)]
as an exfoliating reagent in a sealed glass vial under an Argon
atmosphere and the resulting solution was sonicated for 15 min
(VELVO-CLEAR, VS-150; 50 kHz, 150 W), then heated at 60°C
for 1h. Dry toluene (5ml, water content <30 ppm) was added
to this solution and the solution was again sonicated. Silylating
reagents (methyltrichlorosilane, CH3SiCl3: 0.90 mL; this amount
corresponds to 13 mol/GO unit) were added to the resulting and
then allowed to stand for 2 days at 60°C. Hereafter, the silylating
reagents are abbreviated as C; Si. After centrifugation at 4000 rpm
for 20 min, the precipitate was washed with dry toluene, ethanol,
and finally acetone. The obtained silylated GO samples were then
silylated with C; Siin the same manner as described above for 1 day
for 1-4 times. The composition of silylated GO was determined
from the weight of residual SiO, after thermogravimetric analysis,
assuming that 0.4 n-butylamine molecules per GO were included
(Matsuo et al., 2005). The resulting silylating GO was heated at
500°C under dynamic vacuum. The temperature increase rate was
1°C/min and the amount of the sample was <200 mg in order to
avoid the deflagration of GO layers due to the heat generate during
the removal of oxygen functionalities from GO layers. The content
of silicon was also estimated from the weight of residual SiO after
thermogravimetric measurement.

These samples were analyzed by X-ray diffraction (Rigaku,
Rint-2100, CuKa), thermogravimetric (TG; Shimadzu, TGA-50),
and nitrogen adsorption (Bel Japan Inc., BELSORP-max, —196°C)
measurements. TG measurement was performed under air with
the temperature increase rate of 5°C/min between room temper-
ature and 800°C. Intercalation behavior of organic molecules into
pillared carbons was investigated as follows. Pillared carbon sam-
ples were immersed in the solutions of #n-alkylamines with various
alkyl chain lengths for 24 h and the resulting samples were analyzed
by X-ray diffractometry without removing excess n-alkylamine
molecules.

RESULTS

Figure 1 shows the X-ray diffraction patterns of GO repeat-
edly silylated with metyltrichlorosilane. The diffraction peak at
20 =13.9° observed for pristine GO shifted to lower angle when
it was repeatedly silylated with C1Si and a new broad peak was
observed at 8° for the sample silylated with C1Si for five times.
Based on the thermogravimetric analysis of silylated GO samples,
their compositions were determined and summarized in Table 1,
together with the interlayer spacings. It is found that 0.5-0.8 C1Si
molecules are attached to GO in each silylation step, except for the
last one (1.13). Figure 2 shows the SEM images of GO silylated
with C1Si for four and five times. While only plate like parti-
cles were observed for GO silylated with C1Si for four times,
some of the plate like particles of GO silylated with C1Si for five
times were covered with smaller aggregated particles as indicated
with circles in Figure 2B. Considering that the larger amount of
introduced Si in the last step and the new and unidentified dif-
fraction peak observed at 26 = 8°, these particles are ascribed to
the silica based species formed as the result of polymerization of
excess C1Si on the surface of silylated GO. This indicates that the
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FIGURE 1 | X-ray diffraction patterns of GO and GO silylated with
metyltrichlorosilane for (A) 1, (B) 2, (C) 3, (D) 4, and (E) 5 times.

Table 1| Silicon contents, compositions, and interlayer spacings of
graphite oxide silylated with methyltrichlorosilane for various times.

Reaction times with Si/% x in (C1Si),GO lc/nm
methyltrichlorosilane

1 8.24 0.77 113

2 13.32 1.68 1.26

3 15.69 2.07 1.568

4 18.37 2.77 1.98

5 21.45 3.90 2.24

interlayer space of GO was saturated with C1Si for the sample of
(C181)3,90GO.

Figure 3 shows the X-ray diffraction patterns of GO silylated
with C1Si for various times after heated under vacuum at 500°C.
As reported previously, a broad diffraction peak at 26 of around
24° due to residual carbon without pillar was observed when
(C1Si)p.77GO with a low Si content was heated. The diffraction
peaks at 20 of 13-14° and 18-20° due to (002) and (003) of
pillared carbon, respectively, were observed for the samples with
higher Si contents and they slightly shifted to lower angle, as the
increase in the Si content. Pillared carbons with interlayer spacings
of 1.27-1.37 nm were obtained from GO silylated with C1Si for
2-5 times. The small difference in the interlayer spacings means
that pillared carbons with a large variety of pillar density were
obtained.

Figure 4 shows the N, adsorption isotherms of the pillared car-
bon samples. The amount of adsorbed N, molecules on residual
carbon obtained from (C1Si)g.77GO was very low, reflecting that it
does not possess pores between carbon layers as was observed pre-
viously (Matsuo et al., 2007, 2009a). On the other hand, it greatly
increased for the pillared carbon obtained from (C1Si); 55GO. The
isotherm was type I and the BET surface area reached 723 m?/g.
This means that many micropores were introduced between pil-
lars and carbon layers. The adsorbed amount of N, decreased as
the increase in the Si content in the silylated GO and finally it
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FIGURE 3 | X-ray diffraction patterns of GO silylated with
metyltrichlorosilane for (A) 1, (B) 2, (C) 3, (D) 4, and (E) 5 times after
heated under vacuum at 500°C.
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FIGURE 4 | N, adsorption isotherms of GO silylated with
metyltrichlorosilane for (A) 1, (B) 2, (C) 3, (D) 4, and (E) 5 times after
heated under vacuum at 500°C.

became almost the same as that observed for residual carbon from
(C1Si)0.77GO. This means that the interlayer space is not available
for the adsorption of N, molecules. Figure 5 shows the pore
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FIGURE 5 | Pore size distribution of pillared carbons, based on the HK
method. The colors for the samples are the same as those in Figure 4.

size distribution of pillared carbon. While a peak at 0.56 nm was
observed for the sample obtained from (C1Si); 55GO, it slightly
shifted to 0.46 nm for that from (C1Si);,1;GO. The intensity of
this peak decreased for the pillared carbon from (Cl1Si);77GO
and finally disappeared for that from (C1Si)3.99GO.

Figure 6 shows the X-ray diffraction patterns of pillared car-
bons after intercalation of n-octylamine molecules. The diffrac-
tion peaks observed at around 26 = 13.5° for the pristine pillared
carbons greatly shifted to lower angle of 26 =7.92-8.0° and the
interlayer spacing increased from 1.35 to 2.2 nm. The relatively
sharp peaks observed at around 26 =9.8 and 13.2° are ascribed
to the excess n-octylamine molecules deposited on the surface of
the pillared carbon samples. The increase in the interlayer spacing
means that the pillars of all of these pillared carbons are flex-
ible and they took more perpendicular orientation against the
carbon layers upon the intercalation of n-octylamine molecules.
In addition, the minimum molecular thickness of n-octylamine
molecules was enough smaller than the distance between adjacent
pillars for the entrance of the interlayer space of them. Even when
the alkyl chain length of the n-alkylamine molecules increased,
the diffraction peaks were observed at almost the same positions.
This indicates that the pillars are fully extended and the angle of
them against carbon layers reached 90°, therefore, the length of
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FIGURE 6 | X-ray diffraction patterns of pillared carbons obtained from
GO silylated with metyltrichlorosilane for (A) 2, (B) 3, (C) 4, and (D) 5
times after intercalation of n-octylamine molecules. The peaks marked
with “*" indicate those of n-octylamine molecules deposited on the
surface of pillared carbon samples.

pillars are almost identical (1.9 nm) for the pillared carbons with
different Si contents.

DISCUSSION

The above results show that microporous pillared carbons with
interlayer spacings of about 1.3nm and different pillar densi-
ties were obtained from GO repeatedly silylated with methyl-
trichlorosilane. Interestingly, the pillars in them are flexible and the
length of them was almost constant, regardless of the pillar den-
sity. Furthermore, n-alkylamine molecules can enter the interlayer
space of the pillared carbons with high pillar densities. The reason
for these phenomena is discussed as follows, based on the forma-
tion process of the pillared carbons. It is reasonable to think that
the distribution of the pillars on carbon layers is always the same
independent of the Si contents because they are originated from
the silylaing reagents attached to hydroxyl groups on GO layer
at the 1st silylation process. This leads to the little change in the
size of the entrance available for organic molecules as was demon-
strated by the intercalation behavior of alkylamines into the above
pillared carbons. On the other hand, the same length of the pil-
lars observed for all the pillared carbons with different Si contents
might be explained as follows. The length of the pillars of 1.9 nm
is comparable to twice of the molecular length of n-butylamine
[(0.127 x 44 0.28) x 2 =1.576 nm] used as an exfoliating reagent
during the silylation of GO. When the Si contents are low, the lin-
early grown C1Si oligomers attached to the adjacent GO layers
could be connected only in the manner as shown in Figure 7A
because of the steric hindrance of n-butylamine molecules. Lad-
der type silsesquioxane pillars, which we previously proposed for
the structure of pillars (Matsuo et al., 2012a) can form when two
of the neighboring pillars are attached together. However, once
the length of the linearly grown oligomers of C1Si considerably
exceeds that of the n-butylamine molecule, they can be connected
in several ways such as shown in Figures 7B,C. In case of the lat-
ter, the pillar becomes longer; however, in the case of the former,
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FIGURE 7 | Possible formation processes of pillars consisting of
(A), (C) linearly grown, and (B) branched C1Si oligomers.

it is almost the same as that in the pillared carbon with lower Si
contents. In the presence of the pillars shown in Figure 7B, the
interlayer spacing would not exceed 2.2 nm upon the intercalation
of alkylamine molecules into pillared carbons, even when they
contain some longer pillars such as shown in Figure 7C. The —
CH3Si(OH); — units marked with circles in Figure 7B reduce the
size and/or number of micropores arising in the interlayer space
of pillared carbons and lead to the decrease in the surface area as
the increase in the Si contents. The small change in the interlayer
spacings of pillared carbons with different Si contents also sug-
gests that the majority of the pillars take the structure shown in
Figure 7B. It is surprising that n-alkylamine molecules can enter
the interlayer space of pillared carbons and the flexibility of the
pillars was still maintained even for the pillared carbons with high
pillar density and low amounts of adsorbed nitrogen molecules.
In conclusion, pillared carbons with different pillar densi-
ties were prepared from the thermal reduction of graphite oxide
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repeatedly silylated with methyltrichlorosilane. The BET surface
area of the resulting pillared carbons greatly varied depending
on the pillar density in them between 77 and 723 m?/g without
losing structural flexibility of pillars upon the intercalation of n-
alkylamines. The length of the pillars determined based on the
interlayer spacing of them after the intercalation of n-alkylamines
was 1.9 nm, which was independent of the pillar density. The
n-butylamine molecules added as an exfoliating reagent during
the silylation of graphite oxide play an important role for the
unchanged length of the pillars.
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