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Selective Detection of Acetone Vapor
Using Hydrophobized Pillared
Carbon Thin Films

Yoshiaki Matsuo* and Masanobu Araki

Department of Applied Chemistry, Graduate School of Engineering, University of Hyogo, Hyogo, Japan

Pillared carbon thin films were prepared from the thermal reduction of graphite oxide
silylated with octyltrichlorosilane and then dimethyldichlorosilane. The interlayer spacing
of the resulting pillared carbon thin film was 1.29 nm, and it contained hydrophobic
Si—-CHs; groups, excluding Si-OH ones. The resistance of it increased during the expo-
sure to acetone vapor, while it was unchanged when it was exposed to the water vapor.
Moreover, in the presence of water vapor, the resistance changed in a similar manner.
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INTRODUCTION

Recently, the development of portable breath monitoring sensor becomes highly important in the
healthcare field. Exhaled breath contains various molecules that hold great promise for monitoring
health. For example, the amount of exhaled acetone increases when we get diabetes. Various gas sen-
sors are so far proposed for selective detection of acetone. Selectivity toward acetone detection have
been achieved by using (002) facet of WO; (Ji et al., 2014), multiwalled carbon nanotube coated with
SnO, (Aroutiounian et al.,, 2015), non-stationarity temperature regime (Shaposhnik et al., 2014),
zeolite concentrator (Yamada et al., 2015), etc. However, in case of the use of semiconductors, such
as WO; and SnO,, high temperature is needed for detection and, therefore, heating system should
be installed in the sensor.

On the other hand, we have recently reported the preparation of pillared carbon thin films, show-
ing size selective gas detection properties at room temperature (Matsuo et al., 2012, 2014). Pillared
carbon is consisting of graphene layers connected with silsesquioxane type pillars. It shows size
selective intercalation of organic molecules, depending on the size of the space available between
adjacent pillars and graphene layers (Matsuo and Konishi, 2011, 2012; Matsuo et al., 2012, 2014).
However, to detect acetone molecules in exhaled breath, selective detection of it in the presence
of water molecules should be needed. However, the strategy of size selective detection can not be
applied for this purpose because the molecular size of the acetone is larger than that of water. In this
study, therefore, to achieve the selectivity for the detection of acetone in the presence of water, we
tried to prepare pillared carbon thin films containing hydrophobic pillars by using graphite oxide
silylated with dimethyldichlorosilane as a precursor.

MATERIALS AND METHODS

Preparation of pillared carbon thin films with hydrophobic pillars was performed in a similar man-
ner as reported in our previous studies (Matsuo et al., 2012, 2014). Graphite oxide was prepared from
natural graphite powder (average diameter of 5 um) in a fuming nitric acid using potassium chlorate,
based on the Brodie’s method (Brodie, 1859). The composition of the resulting GO was CsH2904..
GO (100 mg) was mixed with n-butylamine [C,HoNH,, hereafter abbreviated as Cs, 1.78 mL; 32 mol
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per GO unit (CsH290.40)] as an exfoliating reagent in a sealed glass
vial under an Ar atmosphere, and the resulting solution was soni-
cated for 15 min (VELVO-CLEAR, VS-150; 50 kHz, 150 W), then
heated at 60°C for 1 h. Dry toluene (5 mL, water content <30ppm)
was added to this solution. Silylating reagent (octyltrichlorosilane,
CsHy7SiCls: hereafter CsSi, 1.70 mL) was added to the resulting
solution and then allowed to stand for 1 day at 60°C. After cen-
trifugation, the precipitate was washed with dry toluene, ethanol,
and finally acetone. The obtained silylated GO sample is denoted
as CsSiGO. n-Hexadecylamine was added to the CsSiGO in the
presence of a small amount of hexane and ground in a pestle until
it evaporated. The mixture was heated at 60°C overnight. It was
then dispersed in cyclohexane/chloroform (1:1 by volume) and
then cast on a glass or Si plate. The resulting thin films of CsSiGO
were then silylated with dimethyldichlorosilane [abbreviated as
(C1)2Si]. The CsSiGO thin films were placed in a vial containing
toluene (4 mL) and (C,)Si (0.4 mL) were added, and then allowed
to stand at 60°C for 1 day. For comparison, CsSiGO thin films
were also silylated with 3-aminoproopyltirethoxysialne (APS,
0.25 mL) or methyltrichlorosilane (C;Si, 0.2 mL) for 6 or 24 h.
The resulting samples are denoted as CsSiGO-(C;).Si, CsSiGO-
APS, and CsSiGO-C,Si, respectively. They are then heated under
vacuum at 500°C for 5 h. The obtained samples were analyzed by
X-ray diffraction (Rigaku Rint-2100 or Bruker D2Phaser, CuKa)
and IR (Nicolet iS50). The IR spectra were obtained for the sam-
ples prepared on Si substrates. SEM observation was performed
by using JEOL JSM-6010PLUS/LV.

Figure 1A shows the apparatus for gas sensing tests of pillared
carbon thin films (Matsuo et al., 2012, 2014), together with the
pillared carbon sample with copper plates as electrical terminals
(Figure 1B) and the SEM image of a typical pillared carbon film
(Figure 1C). Some wrinkles are observed on the surface of the
film; however, it was rather smooth and grain boundaries were
not well visible. After evacuating the container (9 L), appropriate
amounts of liquid water, acetone, or the mixture of them were
injected to it, and they are evaporated. The current was recorded
during the application of constant voltage of 1.9 V to the film
sample when it was exposed to water, acetone or the mixture of
them. After the pillared carbon film samples were exposed to each
vapor for the measurement of electrical response, the container
was evacuated for 30 min to remove the adsorbed molecules. The
concentrations of water or acetone vapors were 1,000 ppm, and
in case of the mixture of acetone and water, both of them were
1,000 ppm.

RESULTS AND DISCUSSION

Figure 2 shows the X-ray diffraction patterns of CsSiGO film, and
those silylated with (C,).Si, C,Si, and APS. The diftraction peak of
CsSiGO film observed at 20 = 5.24° (d = 1.69 nm) shifted to lower
angles of 20 = 3.79 (d = 2.33 nm), 3.73 (d = 2.37 nm), and 3.22°
(d = 2.66 nm) when it was silylated with (C,),Si, C:Si, and APS,
respectively, which means that the CsSiGO film was successfully
silylated. Figure 3 shows the X-ray diffraction patterns of the

Gas inlet [ To vacuum pump

FIGURE 1 | The photographs of (A) the chamber used for gas sensing experiment and (B) pillared carbon thin film, together with (C) SEM image of it.
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FIGURE 2 | X-ray diffraction patterns of CsSiGO before and after silylated with
(A) (C4)=Si, (B) C+Si, and (C) APS.
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FIGURE 3 | X-ray diffraction patterns of pillared carbons obtained from (A)
CsSIGO-(C1)2Si, (B) CeSIGO-C;Si, and (C) CsSIGO-APS.

above silylated CsSiGO films after heat treated at 500°C. In case
of CsSiGO-C;Si and CsSiGO-(C,),Si, the diffraction peaks at
lower angles disappeared and those at 20 = 13.73 (d = 0.65 nm)
and 10.85° (d = 0.82 nm) were observed, respectively and no peak
appeared around 20 = 25° due to residual carbon (not shown).
This means that pillared carbon was successfully prepared. Since
the (002) lines are most strongly observed for the other pillared
carbons, these are also indexed as (002) lines, and the interlayer
spacings of 1.39 and 1.63 nm are obtained. On the other hand,
two diffraction peaks at 20 = 5.55 (d = 1.592 nm) and 11.04°
(d = 8.01 nm) were observed for CsSiGO-APS. These can be
indexed as (001) and (002) lines, therefore, the interlayer spacing
is calculated to be 1.60 nm.

Figure 4 shows the IR spectra of the pillared carbon thin
films. The absorption peaks at 1,050 and 1,150 cm™" were com-
monly observed, which are ascribed to the Si—-O-Si symmetric
and asymmetric stretching vibrations in pillars, respectively.
The peaks at 950 and 1,270 cm™" due to Si-OH and Si-CHj; were
observed for the pillared carbon obtained from CsSiGO-C,Si
film silylated with, however, only the former or the latter was
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FIGURE 4 | IR spectra of pillared carbons obtained from (A) CsSiGO-(C1).Si,
(B) CeSiGO-C;Si, and (C) CsSIGO-APS.
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FIGURE 5 | Electrical response of pillared carbons obtained from (A)
CsSiIGO-(C4).Si, (B) CsSIGO-C+Si, and (C) CsSiIGO-APS during exposure to
water vapor.

observed for those from APS- or CsSiGO-(C,),Si, respectively.
This indicates that the most hydrophobic pillared carbon was
obtained when it is prepared from CsSiGO-(C,),Si.

Figure 5 shows the variation of R/R, values of the pillared car-
bon thin film during exposure to water vapor. It increased for the
pillared carbon of obtained from CsSiGO-C,Si and CsSiGO-APS
in a similar manner and reached almost constant values after 600
and 1,500 s, respectively. As previously reported, the resistance
of pillared carbon increases upon electron donating molecules
(Matsuo et al.,, 2012, 2014); therefore, this result indicates that
water molecules were adsorbed on these pillared carbons. On
the other hand, the R/R, value was almost constant for pillared
carbon from CsSiGO-(C,),Si as expected from the hydrophobic
nature of this sample. The small change in the R/R, values may
be ascribed to the surface morphology of the present samples as
shown in Figure 1C. Few grain boundaries existing on the surface
of the film made it difficult for gaseous molecules to enter the
interlayer space of the pillared carbon.

Figure 6 shows the variation of R/R, values of the pillared
carbon thin film during exposure to acetone, and the mixture
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FIGURE 6 | Electrical response of pillared carbon obtained from CsSiGO-
(C1)2Si, during exposure to the vapors of (A) acetone and (B) the mixture of
water and acetone.

of water and acetone vapors. Upon the exposure to acetone, it
gradually increased, which means that acetone molecules are
successfully detected, though the change in the R/R, value was
very small. Moreover, even in the presence of water vapor, the
R/R, values changed in an almost similar manner. This clearly
shows that selective detection of acetone molecules was achieved.

Figure 7 shows the X-ray diffraction patterns of pillared
carbon from (C,),Si-CsSiGO before and after immersion in
acetone and water. Here, the measurement was performed before
the liquid on the sample completely evaporated. The diffraction
peak observed for the pristine pillared carbon at 20 = 13.73° was
observed at almost the same position even after immersion in
water. On the other hand, this peak disappeared when the pil-
lared carbon was immersed in acetone and a very broad peak
appeared around 20 = 8° (d = 1.1 nm). These results suggest
that acetone molecules entered the interlayer space of pillared
carbon; however, smaller water molecules were intercalated into
the interlayer space of pillared carbon. The hydrophobic nature
of the pillars in the pillared carbon obtained from and CsSiGO-
(C1):Si as expected from the IR spectrum prevented the water
molecules from intercalation. On the other hand, the methyl
groups in acetone can interact with those in pillars to enter
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FIGURE 7 | X-ray diffraction patterns of pillared carbons obtained from
CgSIGO-(C1)2Si (A) before, and after immersion in (B) water and (C) acetone.

the interlayer space of pillared carbon. In such a case, carbonyl
groups in them interact with carbon layers to achieve charge
transfer and the resistance of the film can change. This leads to
the selective detection of acetone molecules.

In conclusion, pillared carbon thin film was successfully
obtained from the thermal reduction of graphite oxide silylated
with octyltrichlorosilane and then dimethyldichlorosilane. The
pillars of the resulting pillared carbon were hydrophobic and
prevented the intercalation of smaller water molecules. By using
this pillared carbon thin film, the selective detection of acetone
was achieved in the presence of water vapor. The sensitivity and
response time of this film are still very low; however, they would
be improved by reducing the size of graphene sheets, optimizing
the structure of sensor, etc.
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