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Abstract
Dielectric nanocomposite comprising P-type multi-walled carbon nanotube and low
molecular weight organic (1R,2R)-(+)-1,2-diphenylethylenediamine, which is stabilised with
an acrylate resin, is prepared and used as a sensing layer for capacitive carbon dioxide sensor
operated at room temperature. It is found that adding a small amount (0.5 wt%) of P-type multiwalled carbon nanotube in diphenylethylenediamine can dramatically improve the CO2
sensitivity by ~100 times. The P-type multi-walled carbon nanotube significantly increases the
transformation rate of amine to carbamate in CO2 atmosphere as a catalyst for the chemical
interactive sensing mechanism. In addition, P-type multi-walled carbon nanotube substantially
improves temperature and humidity cross-sensitivities. The results show that the dielectric
nanocomposite of diphenylethylenediamine and P-type multi-walled carbon nanotube is
promising for capacitive carbon dioxide sensing application with ppm sensitivity at room
temperature.
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1. Introduction
Growing concerns on environmental conditions have motivated researchers worldwide to
pay great attention on developing low cost, low power, small size CO2 sensors with high
sensitivity and selectivity for controlling industrial processes and monitoring air quality. In
addition, CO2 sensors are also demanded in many other applications, including breath and
blood analysis for medical diagnosis, food quality monitoring, and portable gas detector for
special personal protection [1-5].
In recent decades, a wide variety of CO2 sensing technologies have been developed, based
on infrared absorption, fluorescence, field effect transistor, surface and bulk acoustic wave
(SAW & BAW), changes in pH, resistance and capacitance have been developed [6-7]. Among
these technologies, capacitive solid-state sensors are preferred for massive application in air
quality monitoring due to their advantages of low cost, low power consumption and
miniaturization [8]. Small size capacitive sensors with parts per million (ppm) CO2 sensitivity
at room temperature are particularly commercially attractive.
As gas sensing materials, organic polymers often have the ability to operate at room
temperature. Among the organic polymers, polymers that contain amino groups, such as
polyethylenimine (PEI), polyvinylamine, poly silixanes, polyallylamine, polyaniline (PANI),
polypyrrole (PPy) and poly (amidoamines), were tested for potential CO2 sensing applications,
but with limited sensitivity and response speed [9-22]. There are few reports about application
of low molecular weight organics containing amine as sensing materials for sensing CO2. Using
low molecular weight organics instead of polymers can improve sensitivity due to higher and
tuneable concentration of amine [23-24]. Moreover, response of low molecular weight organics
is faster than high molecular weight polymers. However, stability of the low molecular weight
organics needs to be addressed by appropriate stabilization for practical application.
Nanocomposites comprising polymer matrix and nanoparticles with high surface
area/volume ratio can create new opportunities for improved gas sensors. Carbon nanotubes
(CNTs) with remarkable electrical, thermal, mechanical and chemical properties are potential
nanoparticle for making gas sensing nanocomposite. It has been shown that sensors with
nanocomposite of polymer and CNTs are more sensitive, selective and stable with longer
lifetime [25]. In recent reports, conductive CNTs and amino functionalised CNTs were utilized
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to increase surface area and concentration of amine groups at the surface of nanocomposite
[26-28]. However, these sensors can only detect CO2 concentration higher than 0.2 %.
It was found that conductivity of the P-type CNTs decreases when reducing gas molecules
such as CO2 is adsorbed on their surface [29]. Interaction of CO2 with amine groups and
formation of carbamate decrease the capacitance of organic film. Therefore appropriate
composite of P-type CNTs and organics containing amine groups may form a sensing layer for
a capacitive based CO2 sensor. In this study, P-type multi-walled carbon nanotube (PMWCNT) is used instead of conductive CNTs to be composed with low molecular weight
organic of (1R,2R)-(+)-1,2-diphenylethylenediamine (DPED) stabilized with a resin. The
nanocomposite forms a solid stable dielectric sensing layer that shows CO2 sensitivity in ppm
range at room temperature, and in the meantime with lowered humidity and temperature cross
sensitivities.

2. Sample fabrication and characterization
2.1 Fabrication of nanocomposite capacitive sensor
DPED was obtained from Sigma Aldrich Chem. Co. P-MWCNTs was obtained from
Nanointegris Technologies Inc and used as received. To produce the nanocomposite, a solution
of DPED in tetrahydrofuran (THF) was prepared. UV-crosslinker (Irgacure 819) was then
added to diamine solution. P-MWCNTs (0.12 wt%, 0.25 wt%, 0.5 wt%, 1 wt% and 2 wt% of
solid film) were dispersed in THF and sonicated for 6 hours in ultrasonic bath. Both solutions
were then mixed and urethane acrylate monomer was added to the mixture. The resulted
nanocomposite solution was sonicated for 3 hours. The nanocomposite solutions of DPED and
P-MWCNT were deposited by aerosol spray on prior fabricated capacitive structure and heated
for 2 hours at 55 °C to remove the solvent. The nanocomposite layers were exposed to UV
radiation for 90-270 seconds for curing to form the nanocomposite capacitive sensors. Pure
DPED sample was also prepared as control without adding P-MWCNTs.
The capacitive structure was formed with the nanocomposite layers deposited on a pair of
laterally separated meandering line Al electrodes (Figure 1). The Al electrode meandering lines
had a width of 1 μm, with a spacing of 1 μm, and a thickness of approximately 0.9 μm. The Al
3
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layers were deposited by E-beam evaporator, and the Al electrodes were patterned by ion
milling after photolithography, to achieve the desired aspect ratio.
2.2 Characterization of nanocomposite capacitive sensors
Field emission scanning electron microscopy (FESEM, JSM-6700F, JEOL) was utilised to
examine cross section of sensor and thickness of nanocomposite film. For the sensing property
testing, the capacitance of the sensitive layer (Cp) was first measured at 5 kHz using LCR meter
(Agilent 4294A) in a RH/temperature chamber with varying CO2 concentration in a N2
atmosphere. Cross-sensitivities to RH and temperature (T) were characterized by changing RH
and temperature of the chamber.
Fourier transform infrared spectroscopy via attenuated total reflection (FTIR-ATR) spectra
was obtained with Bruker Vertex 80 spectrometer equipped with golden gate single reflection
diamond ATR accessory. A micro reaction flow cell anvil was used for the control of the
ambient during the measurement. Film of the pure DPED and nanocomposite of DPED with
P-MWCNT were first prepared on wafer and then loaded on the diamond crystal. The samples
were then exposed to the flow of controlled ambient of N2 and/or CO2. Measurement was then
conducted in ATR mode after flushing the gas cell for 5 minutes of the controlled ambient,
with 200 scans at 4 cm-1 resolution.

3. Results and discussions
Electrical sensing property characterization was performed with the capacitive structure
formed with the nanocomposite layers deposited on the meandering line Al electrodes as shown
in Figure 2a, the deposited nanocomposite layer completely filled the gaps between the
meander lines and the thickness of nanocomposite film on the capacitive structure was 5-6 µm.
Figure 2b shows that P-MWCNT was homogenously distributed in the nanocomposite.
3.1 CO₂ sensitivity
Figure 3(a-c) shows the change of capacitance (Cp) as a function of CO2 concentration in
dry N2 atmosphere for nanocomposite of DPED with 0.5 wt% P-MWCNT at 5 kHz.
Capacitance decreases with increasing concentration of CO2, with clear stepped change
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observed when the CO2 concentration is changed in ppm range. In contrast, as shown in Figure
3(d-f), pure DPED does not show any substantial change in capacitance in ppm range of CO2
concentration, although the response to percentage concentration of CO2 is noted, similar to
the results reported in literature [30].
In this work, CO2 sensitivity is defined as ppm Cp/ppm CO2 according to (1):
∆𝐶𝑃
𝐶𝑃 (𝑎𝑡 0 𝑝𝑝𝑚 𝐶𝑂2 )

/ 𝑝𝑝𝑚 𝐶𝑂2

(1)

Thus, the experimental measurements as in Figure 3(a-c) show that CO₂ sensitivity of
nanocomposite of DPED with 0.5 wt% P-MWCNT in dry CO₂ is 6.4 ppm Cp/ppm CO₂. Figure
4 shows CO₂ sensitivity of the nanocomposites with different concentrations of P-MWCNT in
dry N2 atmosphere. Increasing the concentration of P-MWCNT from 0 to 0.5 wt% dramatically
improves CO₂ capacitive sensitivity of the dielectric nanocomposite by 2 orders of magnitude.
However, concentrations of P-MWCNT larger than 1 wt% significantly drop the capacitive
sensitivity, which is attributed to the degradation of the dielectric nature of the nanocomposite
when the concentration of P-MWCNT is higher than the electrical percolation threshold
(typically around 1 wt% CNTs in polymer matrix [26]). The optimum CO₂ sensitivity is
achieved at 0.5 wt% P-MWCNT, which is 6.4 ppm Cp/ppm CO2, ie more than 100 times higher
than the sensitivity of DPED without P-MWCNT (635 ppm Cp/1 % CO₂).
The results of CO2 sensitivity measurements shows that introducing a small amount (0.5
wt%) of P-MWCNT to the DPED has dramatic effect on CO2 sensitivity. The underlying
mechanism will be analysed later, together with the supports from Fourier Transform Infrared
Spectroscopy (FTIR).
The high CO₂ sensitivity of the nanocomposite of DPED/0.5 wt% P-MWCNT can be
retained in an environment with moisture, as shown in Figure 5, in which a sensitivity of 5.4
ppm Cp /ppm CO₂ is observed with 25 % RH (relative humidity).
3.2. Response and recovery
The response and recovery characteristics are important parameters for evaluating the
performances of polymer CO2 sensors working at room temperature. The response and
recovery times of CO2 sensors were investigated at different concentration of CO2. Response
5
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time is the time for a sensor to reach 90% of its final stable reading. Recovery time is the
interval between the time when CO2 is off and the sensor achieves a recovery response that is
within a specified percentage of the original sensor signal. This is often taken to be within a
10% of the sensor signal before exposure. Based on the definitions, response time at ppm level
for DPED/0.5 wt% P-MWCNT is 75 sec and recovery time is 312 sec. Due to very low
sensitivity of DPED, these times cannot be measured for DPED at ppm level of CO2. Response
time of DPED/0.5 wt% P-MWCNT at percentage level of CO2 (between 2% and 50%) is 140
sec and recovery time is 1137 sec. Response time of DPED at same levels (between 2% and
50%) is 1100 sec and recovery is 2750 sec. Therefore P-MWCNT significantly reduces
response and recovery time of the DPED.
3.3. RH and temperature cross-sensitivity
Cross-sensitivity to RH and temperature are investigated in the testing chamber with
controlled tuneable RH and temperature level. Figure 6 shows the change of capacitance (Cp)
as a function of RH and temperature in pure N2 for the nanocomposite of DPED with 0.5 wt%
P-MWCNT. For RH cross-sensitivity, the change of capacitance in response to 1 % RH change
is equivalent to the change to ~ 445 ppm CO₂, ie. 2848 ppm Cp/1 % RH, which is lower than
RH cross-sensitivity of pure DPED (3300 ppm Cp/1 % RH). This may be due to the higher
hydrophobicity of MWCNT and higher CO2 sensitivity of the nanocomposite compare to pure
DPED.
For temperature cross-sensitivity, of the change of capacitance for the nanocomposite of
DPED with 0.5 wt% P-MWCNT corresponding to change of 0.1°C is equivalent to the change
to ~ 167 ppm CO₂, ie. 1068 ppm Cp/0.1°C, which is lower than the temperature cross-sensitivity
of pure DPED (2800 ppm Cp/0.1°C).
3.4. FTIR
FTIR-ATR spectroscopy is applied to study the interactions of the sensing material with
CO2 in this study. The amine groups of DPED can react with CO2 at room temperature to form
carbamate through reversible acid-base reaction. Upon exposure to CO2, a carboxylic function
group formation, the characteristic of carbamate, is observed with the broadening of peak at
3336 cm-1, and stronger absorption peak at 1633 cm-1 (not shown). Formation of carbamate is
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the major reason for the observed decrease in the capacitance of DPED exposed in CO2
atmosphere.
As shown in Figure 6, with the addition of P-MWCNT in the nanocomposite, the reversible
reaction is significantly enhanced, as evident from the peaks attributed to N-H bond observed
in FTIR-ATR spectra. By comparing the results in Figures 7(a) and 7(b), the ratio of integrated
areas attributed to N-H bond due to the formation carbamate in N2 to CO2 ambient is 1.2 and
9.4 for pure DPED and DPED/0.5 wt% P-MWCNT, respectively. The addition P-MWCNT
though in small weight percentage, is able to significantly enhance the reversible
transformation to carbamate of the amine group under the exposure of CO2, and thus
dramatically improve the CO2 sensitivity of DPED by 2 orders of the magnitude.
In addition, with the addition of P-MWCNT in DPED, the recovery time for completing the
reversible change from carbamate to amine group is shorten, from 40 to about 10 minutes under
continuous flow of N2, as shown in Figures 7. These times and measured sensor recovery times
in Section 3.2 are in same order of magnitude.
3.5. Mechanism for the effect by P-MWCNT
In the literature, it is well known that conductivity of the P-type CNTs decreases when
relatively reducing gas molecule including CO2 is adsorbed on its surface since the reducing
agents inject electrons to the P-type CNTs [30]. These injected electrons reduce the number of
holes and hence the conductivity. In our dielectric DPED nanocomposite with P-MWCNT,
reduction in the charge carriers in the material will decrease the polarization, and thus the
dielectric permittivity of nanocomposite and thus the observed capacitance. Injected electrons
also increase the basicity of amine groups and thus promote formation of carbamate as shown
with FTIR. With the dramatic enhancement effect from a very small amount of P-MWCNT
(~0.5 wt%), it is believed P-MWCNT functions as a catalyst to improve the kinetics of the
chemical reaction with reversible formation of carbamate. Exchange of electrons between CO2
and the nanocomposite may first happen between CO2 and P-MWCNT, and then between the
P-MWCNT and the amine group in DPED. Thus the reaction mechanism of the DPED and
CO2 with the presence of P-MWCNT can be written according to Figure 8.
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3. Conclusion
In this study, dielectric nanocomposite comprising P-MWCNT and a low molecular weight
organic DPED which is stabilised with an acrylate resin is prepared and used as a sensing layer
for carbon dioxide detection by a capacitive sensor at room temperature. The sensitivity of
nanocomposite of DPED with P-MWCNT is realized with the amino groups that can react at
room temperature with CO2 in reversible acid-base reaction and significantly improved with
the presence of the P-MWCNT. It is found that adding small amount (~0.5 wt%) of P-MWCNT
in DPED can improve the CO2 sensitivity by ~100 times. FTIR results show that this
improvement is mainly due to the significantly improved transformation of amine to carbamate
in CO2 atmosphere. Absorption of CO2 injects electrons to the P-MWCNT. These injected
electrons reduce the number of holes and hence conductivity and capacitance. Injected
electrons also increase the basicity of amine groups of DPED thus promotes formation of
carbamate. P-MWCNT acts as a catalyst to improve the kinetics of the chemical reaction with
reversible formation of carbamate. CO₂ sensitivity > 6 ppm Cp/ppm CO₂ was achieved in
nanocomposites with 0.5 wt% P-MWCNT. P-MWCNT concentrations larger than 1 wt%
increase conductivity and degrade sensitivity. P-MWCNT also decreases RH and temperature
cross-sensitivity. RH cross-sensitivity of diamine/0.5 wt% P-MWCNT is 445 ppm Cp/1 % RH
CO₂. Temperature cross-sensitivity of diamine/0.5 wt% P-MWCNT is 167 ppm Cp/0.1°C CO₂.
These excellent sensitivity performances combined with the low power requirement, simple
operation and small size open the possibility of using this nanocomposite in a portable multianalyse detector for breath analysis and environmental monitoring.
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List of Figure Captions
Figure 1 Schematic illustration for the structure of the capacitive sensor containing a pair of
meandering electrodes laterally separated from each other

Figure 1 SEM images of cross-section of DPED/P-MWCNT nanocomposite as sensitive layer
deposited on meandering electrodes: (a) the capacitive structure and (b) morphology of
nanocomposite of DPED/P-MWCNT.

Figure 3 Change of capacitance (Cp) at 5 kHz as a function of CO2 concentration in dry N2
atmosphere and at room temperature for nanocomposite of DPED with 0.5 wt% P-MWCNT,
(a) 0-33000 s, (b) 0-11500 s, and (c) 23500-32500 s; and for DPED, (d) 0-33000 s, (e) 0-11500
s, and (f) 23500-32500 s.

Figure 4 CO₂ sensitivity of the DPED nanocomposites with different concentrations of PMWCNT in dry N2 atmosphere.

Figure 5 Change of capacitance (Cp) as a function of CO2 concentration at 20% RH and at room
temperature for nanocomposite of DPED with 0.5 wt% P-MWCNT.

Figure 6 Change of capacitance (Cp) as a function of (a) RH at room temperature and (b)
temperature at 0 % RH of nanocomposite of DPED with 0.5 wt% P-MWCNT, in pure N2.

Figure 7 Comparison of FTIR spectra for (a) DPED/0.5 wt% P-MWCNT and (b) pure DPED
film, from 3600-3000 cm-1.

Figure 8 Schematic representation of reversible chemical reaction occurring under the exposure
of CO2 with catalytic effect of P-MWCNT.
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Figure 1. Schematic illustration for the structure of the capacitive sensor containing a pair of
meandering electrodes laterally separated from each other

Figure 2. SEM images of cross-section of DPED/P-MWCNT nanocomposite as sensitive
layer deposited on meandering electrodes: (a) the capacitive structure and (b) morphology of
nanocomposite of DPED/P-MWCNT.
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Figure 3 Change of capacitance (Cp) at 5 kHz as a function of CO2 concentration in dry N2
atmosphere and at room temperature for nanocomposite of DPED with 0.5 wt% P-MWCNT,
,(a) 0-33000 s, (b) 0-11500 s, and (c) 23500-32500 s; and for DPED, (d) 0-33000 s, (e) 011500 s and (f) 23500-32500 s.
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Figure 4 CO₂ sensitivity of the DPED nanocomposites with different concentrations of PMWCNT in dry N2 atmosphere.

Figure 5 Change of capacitance (Cp) as a function of CO2 concentration at 20% RH and at
room temperature for nanocomposite of DPED with 0.5 wt% P-MWCNT.
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Figure 6 Change of capacitance (Cp) as a function of (a) RH at room temperature and (b)
temperature at 0 % RH of nanocomposite of DPED with 0.5 wt% P-MWCNT, in pure N2.

Figure 7 Comparison of FTIR spectra for (a) DPED/0.5 wt% P-MWCNT and (b) pure DPED
film, from 3600-3000 cm-1.

Figure 8 Schematic representation of reversible chemical reaction occurring under the
exposure of CO2 with catalytic effect of P-MWCNT.
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