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Introduction
Carbon based nanomaterial Carbon Nanotubes (CNTs) has gained 
a lot of interest among researchers and scientist after its discovery 
by Ijinma in 1991 [1]. They possess outstanding electrical, 
thermal, mechanical and chemical properties due to their structure 
and have shown great promise as active materials in sensor and 
micro-electromechanical systems (MEMS) technology [2]. 
Studies have been carried out on the use of CNTs importantly as 
gas sensors [3,4]. It was found out that the large surface area to 

volume ratio provided by the hollow structure of the nanotubes 
and their inside walls provided large adsorptive capacity for 
gas detection. However, during gas detection using pristine 
CNTs, potential shortcomings could arise which includes lack of 
specificity to various gaseous analytes and low sensitivity towards 
analytes that possess little or no affinity to CNTs. These drawbacks 
have been studied and shown that functionalization of the CNTs 
surface with analyte specific entities has an effect on the binding 
energy and therefore improving the dynamic response of the CNT 
based sensors [5]. Also, CNTs tend to aggregate due to their strong 
vanderwall interactions, therefore modification of their surfaces 
with oxygen rich chemical groups such as carboxyl, hydroxyl, 
and carbonyl could promote dispersion and biocompatibility when 
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ABSTRACT
In this work, we report on the synthesis and performance evaluation of electrosprayed multi-walled carbon 
nanotubes (MWCNTs)/ Polyvinylidene Fluoride (PVDF) nanocomposite materials for gas detection of volatile 
organic compounds. MWCNTs are characterized by a hollow structure, large surface area and several unique 
properties that make them potentially excellent for gas sensing.

However, in order to improve their sensitivity, stability and reproducibility effects, the carbon nanotubes were doped 
with PVDF polymer in a minimal concentration such that it utilizes its strong binding effect with interconnected 
nanotubes and the substrate and further, the polymer does not affect the dominance of MWCNTs on the surface as 
observed from SEM characterization. The electrospray deposition technique, combined with sonication, was used 
to ensure the MWCNT was dispersed evenly in the polymer matrix, as MWCNTs tend to aggregate due to their 
strong Van der Waals forces.

The sensing mechanism and the kinetic adsorption of gases on the sensors were studied and the experimental result 
shows that MWCNT-OH/PVDF sensor revealed a larger sensitivity than that of MWCNT-OH sensor to tested VOCs 
at room temperature.
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incorporated with materials such as polymers [6]. Among several 
polymers used in CNT/polymer nanocomposites is polyvinylidene 
fluoride (PVDF). PVDF is a well-known lightweight, flexible, 
mechanically stable and non-toxic piezoelectric polymer that 
offers good physical and chemical properties [7]. It is worthy to 
note that as a chemical sensor, PVDF has showed good response 
to dimethyl methylphosphonate (DMMP), a stimulant of nerve 
agents but when tested to traditional volatile organic compounds 
such as acetone and ethanol its sensor response was really poor 
[8]. However, taking advantage of its biocompatibility and binder 
properties, the PVDF incorporated with the CNTs could lead to 
uniform film fabrication and sufficient mechanical adhesion to the 
sensor surface [9]. Amongst several sensors used for gas detection 
[10], QCM sensor has been chosen in this work because it is simple 
to operate, highly sensitive and can detect target gaseous analytes 
at room temperature. QCM sensors operate on the principle of the 
piezoelectric effect of its quartz crystal and can determine even 
nanogram levels of mass changes. With several methods used to 
coat a sensing layer onto the surface of a QCM electrode such as 
spin coating, drop casting, electro spraying or electro spinning with 
each methods having their various advantages and disadvantages 
its therefore important to state that the right choice of deposition 
methods and appropriate sensing coating has a great influence in 
making the QCM sensors more sensitive or selective [9].

In this work, electrospray deposition technique has been used to 
create MWCNT-OH and MWCNT-OH/PVDF based QCM sensors 
for detection of volatile organic compounds. The electrospray 
deposition technique chosen favors very good dispersion of the 
material on the QCM surface due to coulomb repulsive forces 
which would consequently aid better gas adsorption. We also 
report on the kinetic adsorption studies of ethanol and acetone 
vapor on the MWCNT-OH and MWCNT-OH/PVDF gas sensors 
using the pseudo first order nonlinear equations. The coefficient of 
determination (R2) was used to determine the best fitting equation 
and other rate kinetic parameters were determined.

Experimental
Chemicals
PVDF (average molecular weight ~ 534,000), MWCNT-
OH (diameter: 10-20nm, length: 10-30μm) and N, 
N-Dimethylformamide (DMF) used to prepare the sensitive 
coatings were purchased from Sigma-Aldrich. Ethanol and 
Acetone (99.5%) used as target analytes were purchased from 
VWR chemicals. Ultra-high purity nitrogen was used as the 
carrier and purge gas. All chemicals were used without any further 
purification.

Material Synthesis
The material synthesis part involved creating of two different 
suspensions. MWCNT-OH powder was suspended in DMF 
solvent and sonicated using a water bath sonicator to achieve a 
homogenous suspension. The MWCNT-OH suspension is made 
at 1% by weight in solvent. The other suspension involves the 
mixture of 1% by weight of PVDF in DMF with 1% by weight of 
MWCNT-OH in DMF; this mixture was sonicated using a water 

bath sonicator for 4 hours to prevent aggregation of the MWCNT-
OH in the PVDF polymer. This suspension resulted in MWCNT-
OH/PVDF in ratio 1:1.

Fabrication of MWCNT-OH and MWCNT-OH/PVDF Based 
QCM Gas Sensors 
AT cut QCM crystals, and its oscillator circuit were purchased 
from Instruments for intelligent control (INFICON) company. The 
Quartz crystal which had a diameter of 14mm was rinsed with 
ethanol before being used. For deposition, the QCM crystals and 
silicon wafer were placed in the electrospray deposition system. 
Electrospray uses a syringe and pump to control the rate at which 
the suspension is delivered through a highly charged needle. The 
charge on the needle is supplied by a high voltage power source. 
The parameters within the electrospray system were optimized to 
ensure good spray and film formation. The samples were deposited 
onto the substrate at a height of 12cm with voltages applied 
between 13 - 15KV, solution flow rate of 0.3ml/hr. and deposition 
time of 15mins. After deposition, the crystal and wafers were kept 
in an oven at 50oC for 2 hours to ensure complete evaporation of 
solvent and to promote film stability. The frequency shift caused 
by film deposition was calculated by subtracting the resonance 
frequency before coating from the frequency after the film had 
been dried. The frequency change of coating the MWCNT-OH 
was about 190.7Hz and MWCNT-OH/PVDF was 204.2Hz. The 
morphology of the films was analyzed using a SEM.

Experimental setup
To investigate the sensitive nature of MWCNT-OH and MWCNT-
OH/PVDF based QCM sensors, a characterization system was 
developed in our lab. The experiments were carried out in a 
sealed chamber with 13.7 liter in volume at room temperature. 
The resonance frequency shifts of the QCM sensors due to gas 
adsorption were measured using a (MAXTEK thickness monitor 
model TM-400). Nitrogen was first purged into the chamber to 
eliminate any form of moisture and to ensure that frequency 
changes are only due to adsorption of tested VOCs. Once a stable 
frequency line was observed, the VOC was introduced into the 
chamber using the nitrogen bubbling method. After the sample 
vapor was dispersed in the chamber, frequency shifts began to 
occur and got to the point of saturation in few minutes. After the 
frequency reached equilibrium, Nitrogen was purged again in a 
desorption process to remove the adsorbed analyte molecules until 
the frequency returned to its initial value, this reversal process 
made it possible for the sensor to be ready for its next measurement.

Results and Discussion
Morphology of the Coated Films 	
The morphology of the MWCNT-OH and MWCNT-OH/PVDF 
has been characterized using a SEM, as reported in Figures 1(a) 
and 1(b). The materials were deposited on a silicon substrate 
for electron microscopy observations. Both samples show good 
surface coverage. The polymer inclusion doesn’t affect the 
dominance of the nanotubes in the MWCNT-OH/PVDF sample 
as shown in the Figure 1(b), although there’s a change in the color 
intensity indicating the presence of the PVDF and as observed 
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from the MWCNT-OH/PVDF inset a lot of bright white spots 
which could be as a result of PVDF not being able to discharge the 
electrons accumulated on the sample surface or otherwise known 
as the charging effect.

Response of Sensors to VOCs
It was observed from our experimental measurements that each 
tested VOCs has its own impact on the frequency change, which is 
important for the detection and identification of gases. Measured 
results for MWCNT-OH sensor to ethanol and acetone vapors are 
presented in Figures 2 (a) and (b). Ethanol showed a higher increase 
in frequency change compared to acetone, and while comparing 
the reference QCM to MWCNT-OH sensor in the detection of 
ethanol, the MWCNT-OH was about 13.8Hz. This value is ~3.5 
times higher than the frequency shift of the reference QCM.

The highest mass sensitivity has been achieved for MWCNT-OH/
PVDF sensor due to the greatest gas adsorbed mass as shown in 
Figures 2 (c) and (d). The MWCNT-OH/PVDF sensor in comparison 
to the reference QCM in the detection of ethanol performed better 
having a frequency change of 24.1Hz. This value being ~6.5 
times higher than the frequency shift of the reference QCM. The 
repeatability of the reference, MWCNT-OH and MWCNT-OH/PVDF 
QCM sensors were also carried out by exposing the sensors to VOCs 
in three different test cycles as presented in Figures 3(a) and 3(b). We 
observed very good repeatability of the sensors with little variations 
which could be due to incomplete desorption of tested VOC.

Sensing Mechanism 
In general, the gas adsorption can be considered as the contribution 
of the main sensing mechanism of mass loading for the MWCNT-
OH and MWCNT-OH/PVDF sensors. When both sensors are 
exposed to VOC molecules, the frequency decreases rapidly with 
time as a result of surface adsorption effect. Then, the rate of the 
frequency decrease begins to slow down due to bulk diffusion 
effect. After getting to a point of saturation, the frequency attains 
a stable value.

The magnitude of the MWCNT-OH sensor to ethanol and acetone 
could be attributed to the physical adsorption of their vapors on 
the MWCNT-OH surfaces via Van Der Waals forces which is in 
good agreement with previous work [10]. Since ethanol is a polar 
molecule due to the presence of –OH group, it can form strong 
hydrogen bonds with the sensing material; as a result of this, more 
molecules were adsorbed and provided higher frequency shift, 
however acetone is a non–polar molecule and there is no hydrogen 
bond formation. The MWCNT-OH/PVDF sensor adsorbed the 
greater amount of the ethanol and acetone vapor compared to 
MWCNT-OH sensor which could be due to increase in the surface 
area of the nanotubes as a result of the PVDF polymer filling the 
inner structure of the MWCNT-OH as previously reported in this 
work [11] and also the interaction between the PVDF polymer and the 
OH-functionalized nanotubes via hydrogen bonding could promote 
debundling of the tubes, consequently leading to more gas adsorption.

Theoretical Studies and Model Fitting 
Kinetic studies of adsorption unto the sensitive coatings deposited 
on the QCM sensors are necessary to evaluate the effectiveness of 
an adsorption process. It is well known that the adsorption rate and 
the equilibrium adsorption amount are determined by both the gas 
molecules and sensor materials. By this study we would be able to 
obtain a conceptual understanding of the adsorption mechanism 
associated with the phenomena [12]. The kinetics of the gas 
adsorption process is based on the fitting of mass-time curves. The 
exponential fitting used in the figures corresponds to a first order 
non-linear isotherm as shown in Equation (1). 

					     (1)

Where Mt is the adsorbed mass at time t, Me is the equilibrium 
adsorption amount obtained from the fitting of experimental data, 
k is the adsorption factor and t is the time. 

Since we already have the frequency shift results gotten from 
the experiments, to obtain the adsorbed mass (Mt), the sauerbrey 
equation was employed as shown in Equation (2)

Figure 1: SEM images of (a) MWCNT-OH film and (b) MWCNT-OH/PVDF nanocomposite film.
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Figure 2: Reference vs. MWCNT-OH sensor response to vapors of (a) ethanol and (b) acetone and Reference vs. MWCNT-OH/PVDF sensor response 
to vapors of (c) ethanol and (d) acetone.

Figure 3: Repeatability of Reference, MWCNT-OH and MWCNT-OH/PVDF sensor to (a) Ethanol and (b) Acetone.
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Where ∆f is the change in frequency and f0 is the resonance 
frequency of QCM crystals coated with the sensitive materials 
both measured in Hz, A is the active surface area of deposited 
materials in cm2 and ∆m  s the calculated mass loading in g.

The nonlinear isotherm as shown in Equation (1) is used as 
an approximation for nonlinear systems with pore or surface 
adsorption and diffusion mechanism. The main advantage of this 
approximation is in its simplistic formula to describe a no reaction 
case and thus it can be used to model a physisorption reaction [13].

Therefore, this kinetic study was performed to understand the 
adsorption mechanism of acetone and ethanol vapor on MWCNT-
OH and MWCNT-OH/PVDF coated QCM sensors at room 
temperature. The nonlinear plots for the first cycle test of Mt vs. t 
were plotted in figures 4 and 5 for both sensors response to target 

vapors, this yielded the first order rate constants k and Me values. 
The Me values calculated from fitting of experimental data with 
nonlinear pseudo first order kinetics are shown in Table 1 for 
MWCNT-OH and MWCNT-OH/PVDF in Table 2. The recorded 
data reveals a faster kinetics for the adsorption of acetone vapor 
on both sensors compared to ethanol vapor in which most of the 
adsorption occurs in the early minutes of adsorption experiments 
and then both sensors got to the point of saturation. We observe 
slight variations in the k values in repeated adsorption tests of the 
vapors to the sensors; this could be due to minor fluctuations in 
the pressure of the nitrogen carrier gas while using the bubbling 
method to convey the vapor into the chamber, the work done by 
Maedeh Delavar et al. justifies this assumption [14].

Conclusions 
MWCNT-OH and MWCNT-OH/PVDF coated QCM sensors 
have been prepared by electrospray deposition for enhanced 
mass sensitivity to detect VOCs of ethanol and acetone at room 

Figure 4: MWCNT-OH sensor adsorption and nonlinear fitting to (a) Ethanol and (b) Acetone.

Figure 5: MWCNT-OH/PVDF sensor adsorption and nonlinear fitting to (a) Ethanol and (b) Acetone.
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temperature, and its response was compared to reference QCM 
sensor. The sensing response and repeatability of both coated 
sensors were investigated, the results revealed that the MWCNT-
OH/PVDF coated sensor had highest sensitivity to ethanol vapor 
and this behavior was explained due to increase in surface area of 
the nanotubes. Good repeatability was obtained for both coated 
sensors to all analytes. In addition, kinetic adsorption studies 
were performed on both coated sensors, the results reveal a faster 
reaction mechanism for acetone compared to ethanol vapor and 
our experimental data best fit the pseudo first order nonlinear 
model for both acetone and ethanol adsorption indicating that the 
reaction is more inclined towards physisorption. Furthermore, due to 
room temperature operations, the MWCNT-OH and MWCNT-OH/
PVDF based QCM sensors show great promise for chemical detection 
and applications in industrial and environmental air monitoring.
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Adsorbent VOC Mtexp [μg]
Non- Linear Pseudo First order

Me [μg] K R2

MWCNT-OH

Acetone-Test 1 0.65 0.67 0.61 0.995
Acetone-Test 2 0.63 0.66 0.61 0.997
Acetone- Test3 0.67 0.69 0.73 0.997
Ethanol- Test 1 0.98 1.05 0.29 0.988
Ethanol- Test 2 1.04 1.10 0.34 0.986
Ethanol- Test 3 1.02 1.08 0.28 0.991

Table 1: Kinetic adsorption of Acetone and Ethanol VOCs unto MWCNT-OH sensor.

Adsorbent VOC Mtexp [μg]
Non- Linear Pseudo First order

Me [μg] K R2

MWCNT-OH/PVDF

Acetone-Test 1 2.20 2.29 0.66 0.995
Acetone-Test 2 2.07 2.22 0.47 0.995
Acetone- Test3 2.16 2.26 0.59 0.993
Ethanol- Test 1 2.22 2.53 0.21 0.992
Ethanol- Test 2 2.46 3.21 0.14 0.991
Ethanol- Test 3 2.27 2.59 0.23 0.981

Table 2: Kinetic adsorption of Acetone and Ethanol VOCs unto MWCNT-OH/PVDF sensor.
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