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Carbon nanotube bundles absorb gases very well since they have many adsorption sites.
A gas sensor is demonstrated by deposition of carbon nanotube bundles on a piezoelectric
quartz crystal. The sensor is utilized to detect the concentration of a flowing mixture of
gases, determined from alterations in oscillation frequency. The detected gases included
carbon monoxide, nitrogen dioxide, hydrogen, and nitrogen in air and the operation
temperature varied from 25°C to 200°C. The prepared sensor is more sensitive at higher
temperatures. The gas response is very low below 100°C. The preferred operating
temperature is suggested to be 200°C. The oscillation frequency of the sensor increases
when the gas sensor is exposed to the detected gases. An increase in frequency indicates a
weight loss of the carbon nanotube, suggesting that the mechanism of detection is desorp-
tion, which is proposed to be caused by oxygen adsorption followed by desorption due to
chemical reactions of the detected gas.

1. Introduction

Tijima discovered carbon nanotubes (CNTs) in 1991.% Since his discovery, much effort
has been made to elucidate their novel mechanical and electronic properties and to find
applications.?® CNTs exhibit very good adsorption properties because they have a large
specific surface area and a nanoscale structure that provides a large amount of sites where
gases can react.’'V Adsorption of a gaseous molecule on the surface of a CNT changes its
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electric properties, enabling the CNT to act as a gas sensor.?>'? For example, J. Kong et
al. ™ demonstrated a gas sensor based on individual single-walled carbon nanotubes
(SWCNTs), whose electric conductance responds quickly and sensitively when the nanotubes
are exposed to gaseous molecules, such as NO, and NH;.

Besides electrical changes, changes in adsorbed mass can also be used to sense gases.
Coating gas-adsorbing materials onto the surface of a piezoelectric quartz crystal microbal-
ance (PQCM) is a well known method for detecting gases.!>'® J. Wei et al."® developed
an in-line sensor for trance moisture monitoring based on a PQCM coated with a reactive
metal thin film. PQCM is compact and can accurately measure very small mass changes.
It is increasingly becoming recognized as a powerful tool for studying nano-mass changes.
However, insufficient information is available on the feasibility of applying PQCMs to
CNTs to sense gases. In this investigation, PQCM gas sensors are fabricated by deposition
of SWCNT bundles on the surface of a quartz crystal (SWCNT-coated PQCM). The
adsorption behaviors of SWCNT bundles are investigated using various gases including
carbon monoxide (CO), nitrogen dioxide (NO,), hydrogen (H,), and nitrogen (N,), all
diluted in pure air. The surface reaction of these gases on SWCNT bundles can be studied
by a frequency change of the SWCNT-coated PQCM.

2. Experiments

An AT-cut type PQCM is used to measure the variation of adsorbed molecules in
SWCNTs. The PQCM is composed of a thin quartz disk with two gold electrodes, one on
each side, as schematically illustrated in Fig. 1. The SWCNT materials are obtained from
CarboLex. Inc. and consist of >90 vol% SWCNTs that are produced by the arc discharge
method using a Ni-Y catalyst.®® CP grade and CPann grade types of SWCNTSs are used
and denoted as types A and B, respectively. Both kinds of SWCNTSs are paper-like
samples. The CP grade material is purified by nitric acid reflux to remove residual catalyst
particles, followed by close-flow filtration in a surfactant (sodium lauryl sulfate). The
CPann-grade is further annealed at 800 K in vacuum; this post-treatment step removes
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Fig. 1. Schematic of piezoelectwric quartz crystal (a) side view, (b) front view.



Sensors and Materials, Vol. 15, No. 4 (2003) 179

most of the residues left by the purification process.®?? Figures 2(a) and 2(b) are transmis-
sion electron microscopy (TEM) images of types A and B, respectively, showing that the
tubes are present in bundles, with bundle diameters in the range of 10-40 nm, i.c.,
containing ~ 100-500 tubes. TEM specimens are prepared by dropping the ethanol-
dissolving suspension of CNTs on an amorphous carbon film, which is covered on a 1000
mesh copper grid.

The SWCNT bundles are also dispersed in acetone by ultrasonic vibration for 20 min.
Afterwards, the SWCNT suspensions are dropped onto the surfaces of the gold electrodes
of PQCMs. The SWCNT-coated PQCMs are heated in a furnace at 300°C for 1 h in air,
and then air-cooled.

Figure 3 illustrates the experimental apparatus used. The piezoelectric apparatus
includes an oscillator powered by a regulated power supply, ensuring that the applied
voltage remains constant. In this experiment, pure air is used as a carrier gas, and its flow
rate is kept constant at 500 sccm. Here, the pure air consists of 20 at% O, and 80 at% N,
with total impurities less than 100 ppm. Four test gases, CO, NO,, H,, and N, gases, are
used to evaluate the adsorption behaviors of SWCNT bundles. The air and the test gases
flow through a mixer to a closed glass chamber. The diameter of the glass chamber is 12
cm and the height is 8§ cm. Different concentrations of these test gases are produced by
modulating their flow rates. A heating tape controls the heating of the glass chamber,
which is shielded by a thermally insulating material. The glass chamber is also vacuumed
by connecting a vacuum pump to the outlet of the chamber.

In each test, two SWCNT-coated PQCM samples, type A and type B, and one PQCM
sample without SWCNT bundles, are simultaneously placed in the glass chamber for
measurement. The PQCM sample without SWCNT bundles is used to eliminate the effects
of the thermal environment and the intrinsic properties of quartz crystal. The frequencies
of the three samples are simultaneously recorded by a computer, which shows time versus
frequency curves.

(a) ®)
Fig. 2. Transmission electron micrograph of (a) type A and (b) type B single-wall carbon nanotube
bundles.
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Fig. 3. Gas detection apparatus using piezoelectric quartz crystal microbalance.
3. Results and Discussion

3.1 Stability test

A stability test is first performed to ensure that the deposited SWCNT bundles are
firmly attached to the surface of the gold electrode. The frequency of SWCNT-coated
PQCMs will then remain stable. The frequency of the as-deposited SWCNT-coated
PQCM is continuously monitored for 76 h. The frequency of the SWCNT-coated PQCM
is gradually increased and becomes stable after about 24 h. This observation suggests that
the SWCNT bundles can be fixed stably on the surface of PQCMs by appropriate heat
treatment. The stability of the frequency of the SWCNT-coated PQCMs also suggests that
the frequency change in the following tests is dominated by the adsorption effect of gases
onto the SWCNT bundles.

3.2 Adsorption weight analysis using POCMs

The mechanism of the PQCM must be understood before the adsorbed mass on the
surface of the quartz plate can be calculated. When an external AC electrical potential is
applied to the electrodes of a PQCM, it will produce a cyclical electric field across the
PQCM, inducing an oscillation in the quartz disk. The oscillation frequency of a PQCM
depends on the total mass of the crystal and on any coating layers on the surface. When a
coating layer is deposited on the surface of a PQCM, the oscillation frequency changes
slightly, by Af (Hz). Sauerbrey determined a relation for AT-cut PQCM.®?

2.3x10° f2AM

_Af =
f Ac

1)
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where Ac (cm?) is the area of the gold electrode on the PQCM; f (MHz) is the oscillation
frequency of the PQCM, and AM (g) is the increase in the total mass on the PQCM. In this
experiment, Ac is approximately 0.1 cm?. For a SWCNT-coated PQCM type A, the
original oscillation and the post-deposition frequencies are 9037928 Hz and 9037429 Hz,
respectively. The corresponding values for the type B PQCM are 9039860 Hz and
9039030 Hz. Fromeq. (1), the deposited mass of SWCNT bundles is approximately 2.7 X
107 g in type A and 4.5 X 10”7 g in type B.

3.3 Frequency versus time evolution curve

Figure 4 plots the typical responses of SWCNT-coated PQCMs as a function of time
and gas concentration. The values of difference in frequency shown in Fig. 4 are calculated
by subtracting the frequency of the type A or B from the frequency of the PQCM sample
without SWCNT bundles. Thus, the intrinsic effects of PQCM can be ignored, and the
reactions between SWCNT bundles and the CO gas determine the change of frequencies.
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Fig. 4. Typical difference in frequency as a function of time in different concentrations of CO gas at
200°C in (a) type A, (b) type B SWCNT-coated PQCMs.
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Figure 4(a) and 4(b) reveal the frequency response of type A and type B SWCNT-coated
PQCMs, respectively, in CO-containing air at 200°C.

The values of difference in frequency increase when the concentration of CO gas
increases to 1700 ppm, in Fig 4(a), indicating that the mass of the SWCNT-coated PQCM
decreased. However, when the concentration of CO gas further increases to 2900 ppm, the
value decreases, indicating that the mass of SWCNT-coated PQCM increased. Thus, Fig.
4(a) implies that when exposed to the CO-containing air at 200°C, type A SWCNTs
desorbed at the beginning of the increased concentration of CO gas and then adsorbed
when the concentration increased further. For type B SWCNTs (Fig. 4 (b)), however, no
adsorption is observed, even when the concentration increased to 2900 ppm.

When the flow of CO gas into the chamber finally stopped, the frequency of the
SWCNT-coated PQCMs recovered to the original value, as shown in Fig. 4. Similar results
were observed in different gases and testing temperatures. The recovery of the frequency
demonstrated the reliability of the gas sensor assembly used in this experiment.

3.4 Response of SWCNT-coated PQCM sensors in various gaseous
atmospheres

Response time, recovery time, working temperature, kinds of detected gas and sensitiv-
ity are normally used to characterize the performance of a gas sensor. Dimension-
dependent partial sensitivity, S;= (dx’/dp;) @ is used here to assess the sensitivity of the
SWCNT-coated PQCMs, where x” is the measuring signal and p; is the partial pressure or
concentration of detected gas i. In this study, the response curve is the relationship between
the measured signal and the concentration of detected gas. A simple linear relationship for
a PQCM detector has been proposed as follows: 25

A = —kAC, )

where Afis the value of frequency change after exposure to detected gas, AC, is the
concentration of the detected gas, and —«. is the slope of the response curve and may
represent the sensitivity of a SWCNT-coated PQCM at a given temperature.

The response curves of the SWCNT-coated PQCM sensors can be obtained from a
series of curves like that in Fig. 4, but at different testing temperatures and atmospheres.
Here, the response curves are presented by a set of values of frequency change (Af). The Af
shown in these figures represent the increase between the frequencies when exposed to
pure air and that when exposed to the detected gases at the same temperature. For example,
the value of “difference in frequency” of the SWCNT coated-PQCM type A in pure air at
200°C is about 35200 Hz, as shown in Fig. 4(a). When 500 ppm of CO gas in air
continuously flowed into the test chamber at 200°C the value of “difference in frequency”
increased to 35260 Hz. Therefore, the Afis 60 Hz. A larger positive Af represents a more
vigorous desorption reaction. The frequency changes Af can be normalized by the
deposited mass of CNTs calculated in Section 3.2, and are around 2.7x107g and 4.5x107
g for PQCMs of types A and B, respectively. Tables 1 and 2 list the normalized Af of the
SWCNT-coated PQCMs of types A and B, respectively, as a function of temperature and
concentration of detected gases.
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Table 1.
Frequency changes (10 MHz/g) of type A SWCNT-coated PQCM:s as a function of temperature and
concentrations of CO, NO,, H,, and N, gases in air.

Temp. CcoO NO, H, N,
(°C) (ppm) (ppm) (%) (%)
500_900 1700 2900 500 900 1700 2900 5 9 17 29 5 9 17 29
25 0 0 0 0 0 4 6 3 -3 0 1 2 -2 -1 2 2
100 0 0 0 0 9 11 12 6 -1 -2 4 -6 3 4 3 -5
150 11 21 32 9 9 20 31 39 1 6 6 3 6 9 12 11
200 23 42 61 38 56 58 38 27 35 54 65 96 26 41 56 32

Note: negative value indicates the adsorption of gas and positive value indicates the desorption of
gas.

Table 2.
Frequency changes (10 MHz/g) of type B SWCNT-coated PQCMs as a function of temperature and
concentrations of CO, NO,, H,, and N, gases in air. -

Temp. CO NO, H, N,
(&) (ppm) (ppm) (%) (%)

500 900 1700 2900 500 900 17002900 5 9 17 29 5 9 17 29
25 0 o 0 0 -1 -6 -1 4 1 6 6 6 -1 -1 -1 -1
100 0 0 0 0 0 0 0o -3 3 3 2 3 1 2 2 2
150 2 6 8 12 4 7 9 4 4 4 4 4 2 3 6 8
200 3 6 11 10 3 14 23 28 2 3 4 34 0 3 711

Note: negative value indicates the adsorption of gas and positive value indicates the desorption of
gas.

The linear relationship of eq. (2) between the frequency change and the gas concentra-
tions is an advantage of the piezoelectric technique.®® However, here, the response curves
did not follow a linear relation completely. The result of nonlinear relation is explained by
complex adsorption-desorption and chemical reaction processes during gas detection in
this study. Since the carrier gas is pure air, at least two gaseous species, O, and N, are
present in the experimental system, which results in the complex reaction process. Figure
5(a) and 5(b) are the response curves of type A SWCNT-coated PQCM for detecting CO
and N, gases, respectively, showing the representative response curves in this study. Itis
noted in Fig. 5 that the Af decreases at high gas concentrations at temperatures of 150°C
and 200°C.

Three important features of these SWCNT-coated PQCM gas sensors revealed by
Tables 1 and 2 can be summarized. The first is that the SWCNT-coated PQCM sensor, of
either type A or B, is more sensitive at temperatures of 150°C and 200°C, than at
temperatures below 100°C. Thisresult suggests that the suitable operating temperature of
the SWCNT-coated PQCM gas sensors is around 200°C. The second feature is that almost
all of the sensitivities in these Tables are positive at the initial concentration, implying that
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Fig. 5. Frequency changes of type A SWCNT-coated PQCMs as a function of temperature and
concentration for (a) CO and (b) N, gases in air.

the SWCNT-coated PQCM gas sensors underwent a desorption reaction when exposed to
the atmosphere detected in the experiments. The third is that the type A SWCNT-coated
PQCM is more sensitive than the type B PQCM under any given conditions. This
desorption behavior could be explained by the fact that many gaseous molecules have been
previously adsorbed onto the surfaces of exposed SWCNTs before the detecting experi-
ments began.t'? A vacuum test experiment, exposing the SWCNT-coated PQCM gas
sensors in an evacuating chamber, was carried out to verify this hypothesis. Figure 6 plots
the values of difference in frequency as a function of time and vacuum pressure for both
types (A and B) of SWCNT-coated PQCM. As shown in Fig. 6, the frequency increases
when the pressure declines. This suggests that some materials are removed from the
SWCNTs while the test chamber is being evacuated. When the chamber is subsequently
exposed to pure air at a pressure of 1 atm, the frequency returned to the basic frequency
before evacuation. The recovery of the frequency suggests that the adsorption and
desorption of gases onto the SWCNT-coated PQCM is reversible. This reversible result is
consistent with results obtained by several other researchers?>¥ who reported that CNTs
possess a strong ability to adsorb gaseous molecules such as oxygen (O,), NO,, H, and
others. Figure 7 plots frequency change (not the previous Af) against vacuum pressure to
compare quantitatively the amounts of desorption of types A and BSWCNTs. A frequency
at 80 torr is taken as a reference. Figure 7 clearly shows that type A SWCNTSs desorb much
more than type B SWCNTs under the same evacuation conditions. Restated, type A
SWCNTSs adsorb more gaseous molecules than type B SWCNTs in the same atmosphere,
perhaps because the annealing treatment undergone by type B SWCNTs resulted in the
elimination of defect-adsorption sites,*? reducing the sites of adsorption of SWCNTs.

The results of the vacuum tests described above suggest that many gaseous molecules
are adsorbed on SWCNTs for different ambient gas pressures. Although the pre-adsorbed
gases are of various species, we suggest that the previous adsorption of O, is primarily
responsible for the desorption reaction of SWCNT-coated PQCM, as shown by the
chemical reactions that describe the possible mechanisms of desorption of O, from the
surfaces of CNTs.
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Fig. 7. Frequency change as a function of time and air pressure in vacuum for both type A and type
B SWCNT-coated PQCMs

Until now, studies on the adsorption of oxygen on surfaces of SWCNTs have mainly
focused on its effect on electrical properties.1>1» According to some studies of oxygen
species on metal oxide semiconductors, involving electron paramagnetic resonance mea-
surements®-2 at temperatures up to around 150°C, the principal chemisorbed ion formed
on the surface of oxides is O,~. At temperatures of 150-200°C, the principal chemisorbed
ion formed on the surface of oxides is reported to be O~. For simplicity, the ion formed on
the surfaces of CNTs is assumed to be O~ at high temperatures:

05 gas) + 2€ cnre) € 20 enr) 3)
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When the SWCNTs are in vacuum, the partial pressure. of Oy (Poygas) declines and
causes O, to dissociate from the SWCNTS’ surfaces, increas_irlg the frequency of SWCNT-
coated PQCM.

If CO is introduced into the test chamber, it may cause O, desorption in the following
two ways. The first is by reacting with Oy, in air:-

COqany + Y505 (guy > CO2gag “

This path is not considered to be the main mechanism of desorption of O, from the
SWCNTS’ surfaces, because the concentration of CO is much smaller than that of O, in air.
Therefore, Po.a; does not decrease much in reaction (3).

The second proposed mechanism is that CO directly reacts with the O, adsorbed on the
SWCNTSs’ surfaces. This mechanism is similar to the accepted CO reaction mechanism
with SnQ,.¢”

COgas) + O (onts) € COppagy + € 5)

This latter path should be the one by which the desorption of O~ from the SWCNTSs’
surface proceeds. In such a case, thermodynamic balancing yields the following equilib-
rium equation.

4 nPCO?-(tru)
AG° =—RTIn ;————- (6)

CO(A‘m)aO'(CNTJ)

where AG” is the Gibbs free energy change of reaction (5) at equilibrium, Pco.as) and
Pcogas) are the partial pressures of COj,yy and COyg,y), respectively, n is the electron
is the activity of O~ adsorbed on SWCNTSs, which is related to
the saturation adsorption concentration Co-cnr5)by a factor activity coefficient Yo-cyry ).
In this experiment, Py can be considered to be constant at low CO concentration
because Pcouas May be determined by the concentration of P oy in the carrier gas, air.

Then, the activity of O~ (&, .

inversely proportional to Pcoas, Which is substantially consistent with the results that
show that Afincreases as CO concentration declines, as shown in Tables 1 and 2. However,.
the Af decrease with CO concentration increase in Tables 1 and 2 is unexpected in this
situation. The first cause of the result may be that reaction (4) contributes to the reaction in
the chamber, increasing Pcoxgay), SUppressing reaction (5) and driving this reaction to the
left side of the equation. As reaction (5) shifts to the left, adsorption of O~y Occurs
again, causing the Afin Tables 1 and 2 to decrease as the concentration of CO increases.
The result may also follow from a second mechanism of CO adsorption-desorption as
follows:

concentration, and o

O~ (cTs)

) or the saturation concentration of the adsorbed O~ is

COgus) > COenty ©)]
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At higher CO, concentration, the adsorption of CO gas on SWCNTSs becomes more
significant because of the availability of more adsorption sites via reaction (5). The
increasing adsorption rate of CO,,, on SWCNTs at higher CO concentrations may cause
the Afin Tables 1 and 2 to decrease.

It can be seen in Tables 1 and 2 that the SWCNT-coated PQCM sensors respond
apparently when exposed to traces of CO and NO, gases at 200°C. The mechanism is
believed to not only involve the saturation of adsorption-desorption in a detected gas. As
explained for the response to CO, the mechanisms by which SWCNTSs respond to NO, are
as follows:

NO a5y + O ents) <> NO (ents) + Oges) (€))
NO~enty) + O ents) € NOgeasy + 2€7onrs) ()

NO, might react with O~¢nrs) on the surface of SWCNTs and form NO enryy and O,
(reaction (8)) at 100°C to 200°C. The NO cnty is then fast-reacted with Oy (reaction
(9)) to remove Oy, from the SWCNTs. This may explain the increase in frequency of
SWCNTs-coated PQCM.

Responses to H, are observed only at 200°C and Af increases with the concentration of
H,, as shown in Tables 1 and 2. This result is explained by first considering the possible
reactions in the gaseous system. H, gas can be adsorbed on SWCNT bundles:

Hoeasy < Haenry (10)

Also, H, gas may react with O, in air:
Hogas + % O (o) <> HZO(gas) (11)

The other reaction is of H, gas with adsorbed O~cnrs), as in the case involving CO gas,
because H, is also a reductant. This surface reaction is expressed as:

Hogas) + O entsy € HaOpgas) + € (onts) (12)

Reaction (10) results in the adsorption of H, as the concentration of H, increases.
However, this result is not consistent with the desorption results. Reaction (11) decreases
Poueas), activating reaction (3) and causing O, to be desorbed from SWCNT bundles.
Reaction (12) also causes O, to be desorbed. This assumption is consistent with the results
of this study. Tables 1 and 2 show that the sensors work only at 200°C for H, detection,
indicating the gas-sensing reaction requires an activation energy. We then propose that
reaction (12)-is most probable to explain the desorption phenomenon of the CNTs for H,
detection.

As shown in Fig. 5(b), the Af response of type A in N, detection at 200°C increases with
increasing N, concentration up to 17%, but decreases with increasing N, concentration up
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to 29%. The response to N, is similar to that of CO, shown in Fig. 5(a). The only possible
reaction is the competition of adsorption-desorption between O, and N,:

Nogag) € Nogenrs (13)

Increasing the concentration of N, in air decreases Pougey. FOr example, P,y is
around 0.2 atm in pure air, and as low as 0.14 atm in a mixture of 29% N, in air. Decreasing
P oyeas) causes desorption of O~ from SWCNT bundles, according to reaction (3). As N,
concentration increases, reaction (13) may become more significant than desorption of
oxygen. N, is adsorbed onto the CNTs, reducing the frequency of SWCNT-coated
PQCMs, as shown in Fig. 5(b).

Tables 1 and 2 show that the SWCNT-coated PQCMs have almost no sensitivity to CO,
NO,, H,, and N; in air at 25°C and at 100°C. The temperature effect is explained with
reference to some studies of the adsorption of oxygen on the oxide’s surfaces.?2 At
temperatures of up to around 150°C, the main chemisorbed ions are O, and O~. These
species are sufficiently strongly bound to withstand evacuation and heating to 550°C.
Although the form of oxygen adsorption on the SWCNTSs’ surfaces remains unclear, the
strong bonding force of O, and O~ may correspond to the temperature effect displayed in
Tables 1 and 2.

Comparing the normalized frequency changes in Tables 1 and 2 revealed that type B is
less sensitive than type A to CO, NO,, H, and N, in air. This result is consistent with the
results from the vacuum test, presented in Fig. 6. The frequency change in the y-coordinate
is normalized in the same way as in the vacuum test. It reveals that SWCNT-coated
PQCMs type A adsorb more gaseous molecules than SWCNT-coated PQCMs type B,
because type B SWCNTSs have more regular structures and less amorphous species than
type A SWCNTs after being purified by heat treatment in a vacuum. The irregular
structures and amorphous species are considered to be good sites of adsorption of gaseous
ions, atoms or molecules. Therefore, more oxygen species can be expected to be pre-
adsorbed in SWCNT-coated PQCMs type A than in SWCNT-coated PQCMs type B in
ambient air, causing more desorption by evacuation and reaction with detected gases.

4. Conclusion

A SWCNT-coated PQCM gas sensor that consists of SWCNT bundles and PQCM is
demonstrated. The properties of the gas sensor concerning the detection of CO, NO,, H,
and N, are investigated by monitoring Af in a quartz plate. The frequency of PQCM
typically increases with the concentration of the detected gas, indicating mass loss or
desorption from the surface of the PQCM. Desorption mechanisms of various gases on
SWCNTs are proposed in this study. In detecting CO, NO, and H,, the detected gas
chemically reacts with O, which is previously adsorbed on the SWCNTSs’ surface. How-
ever, in N, detection, an increase in N, concentration causes a decrease in O, concentration
in pure air, leading to desorption of O, on the SWCNTSs’ surface.

The detection response of SWCNT-coated PQCM type B sensor is smaller than that of
type A. This is because the SWCNTSs are vacuum-annealed in type B, which may decrease
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the irregular structures and amorphous species of SWCNTSs. Therefore, type B provides
less adsorption sites for detecting gas.

The temperature at which the SWCNT-coated PQCMs best detects these gases is
approximately 200°C. These results reveal that SWCNT-coated PQCM can be feasibly
used to study the gas-sensing properties of SWCNTs, because of their stability and
sensitivity.
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