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Low-humidity sensing performance of raw multi-walled nanotubes (MWCNTs), graphene and carboxylic
acid functionalized MWCNTs (MWCNT-COOH) and graphene (GO) thin films were investigated by using
a quartz crystal microbalance (QCM). The characterizations of the thin films were analyzed by scanning
electron microscopy (SEM) and atomic force microscopy (AFM). Water vapor molecules adsorbed onto

the GO thin film had a larger frequency shift than the MWCNT-COOH thin film (especially at low humid-
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ity levels). Adsorption dynamic analysis, molecular mechanics calculation (association constant), was
applied to elucidate how amounts of surface functionalized groups (—COOH) of MWCNTSs and graphene
increase the sensitivity to low-humidity.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Considerable consumer demand persists for reliable and accu-
rate humidity sensors, especially for use under low-humidity
conditions, in meteorological, agricultural, clinical, and biotechno-
logical fields and for manufacturing applications [1]. New methods
and materials are sought to improve existing sensors and detect
the lowest humidity levels with increased accuracy.

Different sensing approaches, including impedance, capacity
[2], optic [3], photonic crystal fiber [4-6], field effect transistors
(FETs) [7,8], surface acoustic wave (SAW) [9] and quartz crystal
microbalance (QCM) [10-12], have been adopted to detect humid-
ity. Among these sensing technologies for humidity detection, the
QCM is a very stable device, capable of determining an extremely
small mass changes [13]. Therefore, QCM-based sensors may be a
promising solution for detecting low levels of humidity. A hygro-
scopic material was coated on the quartz crystal to increase the
sensor’s sensitivity by adsorption of water from the humidity of
the ambient air. According to Sauerbrey equation, the extra mass
causes a resonance frequency shift Af(Hz) equal to [14]:

Af = <_2.3 x 106’;%) Am (1)
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where f, (MHz) denotes the basic frequency of the unloaded piezo-
electric crystal, A (cm?) represents the surface area of the electrode,
and Am (g) is the change in mass on the crystal surface. Therefore,
the performance characteristics of QCM-based sensors primarily
depend on the chemical nature and physical properties of the coat-
ing materials.

Nanosized materials were used for detection of gases owing
to their high surface area and availability of many active sites;
therefore, more and more research groups put in their effort to
develop highly sensitive nanomaterials, such as nanosized zeolite
films [15], ZnO nanostructure films [16], TiO, nanowires/poly(2-
acrylamido-2-methylpropane) sulfonate [ 17] and polypyrrole/TiO,
nanoparticles (PPy/TiO, NPs) [18]. Among the different nanoma-
terials one could consider for developing a gas sensor, carbon
nanomaterials have been attracting a great deal of interest. Car-
bon materials with inherent nanoscale features have potential for
becomingideal components for sensor technology, because of com-
bining excellent detection sensitivity with interesting transduction
properties [19]. Carbon nanotubes (CNTs) have emerged as a new
class of one-dimensional structure having extra ordinary electrical
and mechanical properties [20]. CNTs have attracted considerable
interest for demanding applications in the field of gas sensing due
to their high surface areas provided by their central hollow cores
and outside walls for gas adsorption in the presence of different
gases at low concentrations [21,22]. Graphene is composed of a
two-dimensional (2D) array of carbon atoms that are covalently
connected via sp2 bonds to form a honeycomb sheet [23]. Graphene
have been widely used in batteries, supercapacitors, nanoelec-
tronic and electrochemical sensors because of its high mechanical
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Fig. 1. Schematic diagram of experimental set-up for the QCM sensor measurement and low humidity atmosphere controller. (a) Molecular sieve and desiccating agent; (b)
water; (¢) mass flow controller; (d) detecting chamber and QCM; (e) thermostat; (f) low humidity hygrometer; (g) oscillator and frequency counter; (h) PC.

strength, high surface area, high electron mobility at room temper-
ature and low manufacturing cost [23-25]. Therefore, CNTs-based
and graphene-based materials have been fabricated as relative
humidity sensors [26-29]. Zhu et al. fabricated a relative humid-
ity sensor that by coating multi-walled CNTs (MWCNTs) that were
treated by ball milling and the hydrogen plasma technique on a
QCM [26]. Yao et al. fabricated a relative humidity sensor that by
coating graphene oxide (GO) on a QCM [27]. Zeng et al. fabricated a
resistive-type humidity that was made of defect graphnen [28]. Sun
et al. fabricated a flexible humidity sensor that by two-beam-laser
interference reduction and patterning of GO [29]. Recently, CNTs
and their nanocomposites materials were prepared as films coated
on an electrode of QCM to detect low-humidity in our previous
studies [30-32]. These materials included carboxylic acid func-
tionalized MWCNTs (MWCNT-COOH) [30], single-walled carbon
nanotube/Nafion composite material (SWCNTs/Nafion) [31,32] and
multi-walled carbon nanotube/Nafion composite material (MWC-
NTs/Nafion) [32]. However, no attempt has been made to fabricate
the QCM-based low-humidity sensor based on graphene and GO.
In this study, raw MWCNTs, MWCNT-COOH, graphene and GO
were used to construct QCM-based low-humidity sensors. The
low-humidity sensing properties of GO coated on the QCM was
compared with that of MWCNT-COOH coated on the QCM. This
study investigates how the functional groups on CNTs and graphene
and low-humidity sensing properties are related, and it empha-
sizes the most important properties associated with sensitivity.
Furthermore, the adsorption dynamics of water vapor molecules
onto MWCNT-COOH and GO thin films coated on the QCM and the
functional groups and microstructure of CNT and graphene were
employed to elucidate the sensing properties (sensitivity).

2. Experimental
2.1. Low-humidity sensor fabrication

2.1.1. Sensing materials

The MWCNT-COOH dispersion was prepared using the well-
established acid treatment [33]| of raw chemical vapor depo-
sition (CVD) grown MWCNTs (200 mg, Sunnano Inc.) using an
H,S04/HNO3; mixture (3:1, 50 mL) and sonicated at 60°C for 24 h,
after which the acid mixture was decanted. The residue was

subsequently re-suspended in deionized water and centrifuged at
10,000 rpm for 30 min. This process was repeated several times
until the solution pH was neutral and was sonicated to facilitate
stable suspension of MWCNT-COOH in aqueous media. Graphene
(99,9%, UniRegion Bio-Tech) and Graphene oxide (GO; 5 g/L, UniRe-
gion Bio-Tech) were used without further purification.

2.1.2. Fabrication of the QCM electrodes

The AT-cut quartz crystals with a fundamental resonance fre-
quency of 10 MHz were obtained from ANT Technologies Corp.,
Taiwan. The gold electrode of the QCM was rinsed in deionized
water and then cleaned ultrasonically in acetone. Following dry-
ing, both sides of the QCM electrode were coated with the mixture
precursor solution by spin coating at a rate of 2000 rpm for 120s.
Consequently, raw MWCNTs, MWCNT-COOH, graphene and GO
thin films had mass values 0.858, 0.749, 0.600 and 1.732 j.g, respec-
tively, on the QCM disk. Unless otherwise stated, all measurements
were taken at room temperature, around 23.04+1.5°C.

2.2. Instruments and analysis

As shown in Fig. 1, a divided humidity generator was used as
the principal facility for producing the testing gases. The required
water vapor concentration was produced by adjusting the propor-
tion of dry and humid air generated by the divided flow humidity
generator under a total flow rate is 10 L/min. The model of two
mass flow controller’s and flow display power-supply used is the
Protec PC-540 manufactured by Sierra Instruments Inc. The lowest
testing point is limited by the dryness of the gas. A low-humidity
hygrometer (HYGROCLIP IC-3, Rotronic Inc.) which measurement
range and precision are 0-100% RH and 0.1% RH, respectively, and
was used as reference standard hygrometer to measure the testing
water vapor concentration produced by the divided flow humid-
ity generator. QCM sensors were connected to an outlet of the
divided flow humidity generator and calibrated by the reference
standard hygrometer. The setting volume ratio of the moist air
and temperature would be adjusted according to the reading of
the low-humidity hygrometer calibrated at the CMS/NML (Cen-
ter for Measurement Standards/National Measurement Laboratory)
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humidity laboratory. The volume ratio of the moist air was calcu-
lated by the following equation:

Vi
ppm, (pL/L) = 7 x 10° )

where V,, is the volume of water vapor and V is the total volume.
Measurement procedures were recorded as below: firstly the syn-
thetic dry air was passed through the detection chamber until the
deviation of the frequency of QCM was within 2 Hz/s and then the
required water vapor concentration was flowed into the detec-
tion chamber, finally the synthetic dry air was passed through the
detection chamber until the frequency of QCM recovered to its ini-
tial value. The initial volume ratio of the moist air was 2.77 ppmy
for all experiments. All the measurements were performed at the
room temperature 23.0 4+ 1.5°C and controlled by the thermostat.
An infrared spectrometer (Nicolet 380) was used to obtain the IR
spectra of the MWCNT-COOH and GO films. The surface microstruc-
ture and morphology of the thin film that was coated on a QCM
electrode were investigated using a field emission scanning elec-
tron microscope (FEI company, Nova NanoSEM™ 230) and an
atomic force microscope (AFM, Ben-Yuan, CSPM 4000) in tapping
mode which the horizontal and vertical resolution are 0.26 and
0.10 nm, respectively. The carboxyl-functionalized MWCNts and
graphene were quantitatively analyzed by back titration to deter-
mine the carboxylic acid concentrations on the surface of MWCNTs
and graphene.

3. Results and discussion

3.1. Surface microstructure characteristics of MWCNT-COOH and
GO thin films

Fig. 2 presents the SEM images of MWCNT-COOH and GO thin
films. Fig. 2(a) shows the surface microstructure of the MWCNT-
COOH mat coated on the QCM. Many small and irregular pores
were observed due to their random entanglement and alignment
in nanotubes. Fig. 2(b) presents the surface microstructure of the
GO coated on the QCM. Clearly, GO thin film with a flakelike and
wrinkled structure was observed.

The surface morphology and uniformity of CNT thin films were
investigated by AFM. Fig. 3(a) and (b) shows the surface topogra-
phyof 5 um x 5 wm MWCNT-COOH and GO thin films, respectively,
coated on the QCM. The data of the root mean square (RMS) rough-
ness of MWCNT-COOH and GO thin films was 25.5 and 12.3 nm,
respectively. Fig. 3(a) shows large amounts of granules on the QCM.
GO thin film had a smoother surface film than that of MWCNT-
COOH thin film (Fig. 3(b)).

3.2. IR spectra of MWCNT-COOH and GO thin films

The raw MWCNTs and graphene that were treated with acid,
were analyzed using an FTIR spectrometer, as presented in Fig. 4(a)
and (b), respectively. The IR spectra of the MWCNT-COOH and
GO both exhibited a peak at 3350cm~! attributable to the O—H
stretching vibration, a peak at 1740 cm~! attributable to the C=0
stretching vibrations (carboxylic group) and a peak at 1620 cm™!
attributable to the asymmetric stretching vibration of the anion car-
boxylate (—COO~) and stretching of the C=C bond [33,34]. These
results confirm that the carboxyl groups were functionalized on
the surface of the raw MWCNT and graphene. Moreover, chemical
functional groups,—COOH, have an important role in low-humidity
sensing.

Fig. 2. FE-SEM micrographs of (a) MWCNT-COOH and (b) GO thin films.

3.3. Low-humidity sensing properties of raw MWCNTSs,
MWCNT-COOH and graphene and GO thin films

Fig. 5 plots the frequency shifts of raw MWCNTs, MWCNT-
COOH, graphene and GO thin films as a function of time for various
volume ratios of moist air in the range of 345-11,516 ppmy. The
frequency shifts of raw MWCNTs, MWCNT-COOH, graphene and
GO thin films were normalized to the mass of the coated sensing
materials. The normalized frequency shifts of the MWCNT-COOH
and GO thin films were higher than those of raw MWCNTs and
graphene thin films because that CNTs and graphene are known
to be highly hydrophobic. Additionally, the normalized frequency
shifts of the GO thin film were higher than that of MWCNT-COOH
thin film, especially at low levels of humidity (<9744 ppmy ). There-
fore, MWCNT-COOH and GO thin films were further investigated
for evaluation their low-humidity sensing characterizations.

Table 1 lists the corresponding sensitivities for MWCNT-COOH
and GO thin films. The results of calibration curve of MWCNT-COOH
and GO thin films are plotted in Fig. 6 and the slope and linear
correlation coefficient (R?) were calculated as shown in Table 2.
When the volume ratio of moist air was 345 ppmy, the sensitiv-
ity of MWCNT-COOH and GO thin films was 0.0267 and 0.0386,
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Fig. 3. AFM micrographs (5 wm x 5 wm) of (a) MWCNT-COOH and (b) GO thin films.

respectively (Table 1), demonstrating that the response of the GO
thin film was higher than that of the MWCNT-COOH thin film, espe-
cially at low levels of humidity (<9744 ppmy ). However, when the
volume ratio of moist air was above 9744 ppmy, the sensitivity
of MWCNT-COOH thin film was higher than that of GO thin film.
For GO thin film, the linear sensing characteristics at the ranges

Table 1
Sensitivity to humidity of MWCNT-COOH and GO thin films coated on QCM for
different volume ratios of moist air.

Appm,® Sensitivity?
MWCNT-COOH GO

345 0.0267 0.0386
2068 0.0108 0.0155
3313 0.0086 0.0119
4229 0.0080 0.0102
5295 0.0078 0.0091
6740 0.0070 0.0079
7612 0.0069 0.0075
9744 0.0068 0.0066
11,516 0.0064 0.0060

2 The sensitivity of the various sensing films was defined as ﬁ.
v

b The Appm, was defined as the volume ratio subtracted by the initial volume
ratio of moisture air (2.77 ppmy).
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Fig. 4. IR spectra of (a) GO and (b) MWCNT-COOH thin films.

of 345-3313 and 3313-11,516 ppm, show different performance.
The steep decrease in slope was observed at the volume ratio of
moist air of 3313-11,516 ppmy (Table 2).

As described in Section 3.1, the MWCNT-COOH thin film had
rougher surface than that of GO thin film. Therefore, the fact
that the response of the GO thin film was higher than that of the
MWCNT-COOH thin film, especially at low levels of humidity,
was not related to surface morphology. The issue can be analyzed
by considering the functional groups on CNTs and graphene. The
presence of COOH groups sites on the MWCNTSs and graphene form
low-energy adsorption sites that also serve as nucleation sites
for analyte condensation. Therefore, the MWCNT-COOH and GO
thin film had higher sensitivity to low-humidity than that of raw
MWCNTs and graphene, which was attributed to the fact that water
vapor was preferentially adsorbed on polar oxygen-containing
defects (COOH) via the formation of hydrogen (H) bonds [27,35,36].
From the results of back titration of the functionalized MWCNTs
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16658080 [ ==——:MWCNT
: Graphene flakes
16658060 ——: MWCNT-COOH 11516 ppm,
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16658040
0 500 1000 1500 2000 2500

Time (s)

Fig. 5. Normalized frequency shifts (Hz/g) as a function of time (s) for different
volume ratio of the moist air on raw MWCNTs, MWCNT-COOH, graphene and GO
thin films.
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Table 2

Linear sensing characteristics of MWCNT-COOH and GO thin films coated on QCM at different volume ratio of moist air.

Sensing characteristics

345-3313 ppmy

3313-11,516 ppmy

Slope Linearity? Slope Linearity®
MWCNT-COOH 0.0066 0.9885 0.0055 0.9940
GO 0.0090 0.9744 0.0037 0.9942

2 The linearity was defined as the linear regression coefficient of R? - value of linear fitting curve.

80

m: Graphene oxide A
A: MWCNT-COOH

70 |
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Response (—AF/mass loading) (Hz/ug)
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Fig.6. Response (—AHz/pg)as afunction of volume ratio (ppm, ) for MWCNT-COOH
and GO thin films.

and graphene, the COOH concentration on the surface of graphene
(148.1 mmol/g) was higher than that of MWCNTSs (2.1 mmol/g),
and so had more sites for the adsorption of water molecules, and
thereby improved the sensitivity of GO thin film than that of the
MWCNT-COOH thin film at low levels of humidity (<9744 ppmy ).
But, at higher volume ratio of moist air (3313-11,516 ppmy ), sug-
gested the absence of active sites for reaction to occur and, hence,
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Fig. 7. Reversibility of adsorption of water vapors on (a) MWCNT-COOH and (b) GO
thin films.

[12,37] explained the increase in sensitivity to low-humidity of the
MW(CNT-COOH and GO thin films.

The time course of adsorption behavior at the experimental
dilute concentration is expressed simply as the follows:

ky

Sensing films + water vapor molecules « Sensing films-water vapor molecules (3)

the steep decreased in slope was observed. The MWCNT-COOH
thin film had rough surface and irregular pores (Figs. 2(a) and 3(a)).
When at a low-humidity, few water vapor molecules accumulated
around these pores; consequently, inducing capillary condensation
is difficult [34]. Many water vapor molecules accumulated around
these pores; consequently, inducing capillary condensation eas-
ily, and thereby the sensitivity of MWCNT-COOH thin film was
higher than that of GO thin film at volume ratio of moist air above
9744 ppmy (Figs. 5 and 6).

Fig. 7 plots the results of the adsorption/desorption of water
vapors on the MWCNT-COOH and GO thin films at three testing
points, 517, 1733 and 2228 ppmy. The adsorption and desorption
of water on the MWCNT-COOH and GO thin films were reversible at
three tested water vapor concentrations. Fig. 8 plots the results con-
cerning the cross-sensitivity effects of NO,, NH3 and CO gases on the
MWCNT-COOH and GO thin films. NO,, NH3 and CO gases may be
regarded as having unobvious cross-sensitivity effects with water
vapor molecules even at a low testing concentration of 345 ppmy
of water vapor molecules.

3.4. Adsorption properties of MWCNT-COOH and GO thin films

The adsorption behaviors of water vapor molecules by MWCNT-
COOH and GO thin films were compared. The following reaction

S| (3)

where k; and k_; are adsorption and desorption rate constant,
respectively. The amount of water vapor molecules, Am;, formed
on the sensing films at time t, is then given by the following equa-
tions under Langmuir isotherm adsorption conditions [12,37]:

Am; = [sensing films — water vapour molecules];

—t
= Amy [1 — exp (—)] (4)

X
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Fig. 8. Response (—AHz/pg) of GO and MWCNT-COOH thin films to various gases.
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Table 3
Kinetic parameters for adsorption and desorption of water vapor molecules onto MWCNT-COOH and GO thin films.
Films Adsorption rate constant ky Desorption rate constant Association constant K (M~1)
(M-1s71) ko1 (s7h)
MWCNT-COOH 3.662 0.080 45.94
GO 3.923 0.056 70.05
larger than that for MWCNT-COOH coated on QCM. Moreover,
08} molecular mechanics calculations supported the experimental
m: Graphene oxide results, indicating that the high sensitivity of the GO thin film to
A: MWCNT-COOH " water vapor molecules is ascribed to the slightly larger association
0.6 constant K of the GO thin film to water vapor molecules than that
of MWCNT-COOH thin film due to the COOH group sites formed on
< oal the surface of graphene.
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Fig. 9. Linear plot of the reciprocal of relaxation time (x~!) against vapor concen-
tration (M) for MWCNT-COOH and GO thin films.

x~1 = kq[water vapour molecules] + K_; (5)

where Am, denotes the maximal amount of water vapor
molecules adsorbed on the sensing films at t — oo and y is relax-
ation time. Adsorption time courses at different concentrations
(0.0172-0.2329 M) were derived using Eqs. (4) and (5). Fig. 9 plots
the linear correlation between reciprocal relaxation time (x~1) of
adsorption and the concentration of water vapor on sensing films
(MWCNT-COOH and GO). Fig. 6 and Eq. (5) yield the adsorption rate
constant kq, the desorption rate constant k_; and the association
constant K (=kq [k_1) for water vapor on sensing films (Table 3). The
GO-water vapor molecules had the largest k; value. This experi-
mental result coincides with the result, indicating that water vapor
molecules are more easily adsorbed on GO than on MWCNT-COOH
thin film. The association constant K of water vapor molecules
onto the GO thin film was higher than that of MWCNT-COOH thin
film. Therefore, the larger association constant (K=70.05M-1) of
water vapor onto the GO thin film than onto the MWCNT-COOH
thin film is associated with the larger adsorption rate constant and
the smaller desorption rate constant. These results suggest that the
adsorption of water vapor molecules on the amounts of functional
groups (—COOH) on the surface of carbon-based nanomaterials
plays a predominant role at low-humidity sensing. Therefore, the
GO thin film was more sensitive to water vapor molecules than the
MWCNT-COOH thin film at low levels of humidity (Table 1).

4. Conclusion

The surface carboxylic acid functionalized MWCNTs and
graphene can enhance the surface properties of MWCNTs and
graphene and increase the sensitivity of MWCNTs and graphene
to low levels of humidity. The amounts of surface functionalized
groups (—COOH) of MWCNTs and graphene dominated the low-
humidity sensing properties (especially at low humidity levels). The
GO coated on the QCM electrode had high sensitivity (especially at
low humidity levels) and acceptable linearity.

Based on the Langmuir isotherm adsorption assumption, the
adsorption rate constant k; for water vapor molecules on GO is
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