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Abstract: In this study, we demonstrated a highly selective chemiresistive-type NO, gas sensor
using facilely prepared carbon dot (CD)-decorated single-walled carbon nanotubes (SWCNTs).
The CD-decorated SWCNT suspension was characterized using transmission electron microscopy
(TEM), X-ray diffraction (XRD), and UV-visible spectroscopy, and then spread onto an SiO,/Si
substrate by a simple and cost-effective spray-printing method. Interestingly, the resistance of our
sensor increased upon exposure to NO, gas, which was contrary to findings previously reported for
SWCNT-based NO, gas sensors. This is because SWCNTs are strongly doped by the electron-rich
CDs to change the polarity from p-type to n-type. In addition, the CDs to SWCNTs ratio in the active
suspension was critical in determining the response values of gas sensors; here, the 2:1 device showed
the highest value of 42.0% in a sensing test using 4.5 ppm NO, gas. Furthermore, the sensor selectively
responded to NO, gas (response ~15%), and to other gases very faintly (NO, response ~1%) or not at
all (CO, C¢Hg, and C;Hg). We propose a reasonable mechanism of the CD-decorated SWCNT-based
sensor for NO;, sensing, and expect that our results can be combined with those of other researches to
improve various device performances, as well as for NO; sensor applications.
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1. Introduction

As hazardous gases, nitrogen oxides (typically, NO and NO;) are mainly generated by combustion
processes of fossil fuels, such as vehicle exhausts, power plants, and various industrial processes,
and are the main causes of acid rain and photochemical smog, having a significant influence on air,
water, and soil pollution [1-3]. Furthermore, the gases can cause serious problems to human organisms,
irritating eyes, causing dizziness, and chronically weakening the respiratory system. Generally, NO
gas is highly reactive due to its radical structure and is oxidized in air into toxic reddish-brown NO,
gas with a biting odor, which can lead to death at a concentration above the immediate danger to life
and health (IDLH) value of 20 ppm [4]. Therefore, developing a high-performance NO, gas sensor is
very important in the fields of human respiratory health and environmental pollution.

For NO, gas detection, electrochemical-, semiconductor (SC, or chemiresistive)-, and infrared
(IR) absorption-type sensors are generally used. Among them, the SC-type sensors have been widely
studied because of their advantages, such as their rapid detection, wide sensing range, low power
consumption, low cost, etc. [5] SC-type gas sensors detect target gases through redox reactions between
gas molecules and SC channels. As channel platform materials, metal oxides, conducting polymers
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(CPs), and carbon-based nanomaterials are typically utilized [5]. The metal oxide-based gas sensors (e.g.,
Zn0O [6-9], SnO; [10], Iny O3 [11], NiO [12], and WO5 [13]) have advantages such as a high responsivity,
excellent thermal stability, low cost, etc. On the other hand, they generally require a heating process
(>300 °C) to activate the sensing materials, thus increasing the volume of sensor systems and power
consumption during operation [5]. CP-based gas sensors (e.g., polyaniline [14]) exhibit moderate
response values and rapid detection, but they also have drawbacks, such as long-term instability
and irreversibility originating from organic properties, which restrict their practical applications [14,15].

Gas sensors using carbon-based nanomaterials (e.g., single-walled carbon nanotubes
(SWCNTs) [5,15-20], multi-walled carbon nanotubes (MWCNTs) [3,21], graphene [22,23], graphene
oxide (GO) [24], and reduced GO (R-GO)) show desirable properties, such as a high response,
detectability of low concentrations, low temperature operations, etc., making them highly attractive as
platform materials. However, they still have limitations, such as a low selectivity and long response
and recovery times compared to metal oxide- or CP-based sensors [25-28]. Regarding these issues,
there have been some results improved by surface treatments [16,29,30], functionalization [19,31-33],
the use of core-shell structures [34,35], specially designed hetero-structures [36,37], etc.

In this paper, we propose carbon dot (CD)-decorated SWCNTs as an NO, gas sensing material with
a reasonable sensing mechanism. Synthesized CDs and the CD-decorated SWCNTs were characterized
by transmission electron microscope (TEM) images and X-ray diffraction (XRD)- and UV-visible spectra.
Interestingly, our experimental results show that the sensing platform (i.e., CD-decorated SWCNTs)
behaves as an n-type material, which is opposite to what has been reported for SWCNT-based gas
sensors [3,15]. Moreover, the CDs to SWCNTs ratio in active suspension is a critical factor determining
the response value. The NO, gas sensor fabricated with the 2:1 (CDs:SWCNTs) suspension exhibited
the highest response of ~42% to 4.5 ppm NO,, and responded to a low concentration of 100 ppb (with
the response of ~3.3%). More desirably, the sensor insignificantly responded to nitric oxide (NO),
and did not respond to carbon monoxide (CO), benzene (CsHg), and toluene (CyHg), meaning that it
has a high selectivity to NO, gas. Our new proposed mechanism of NO, gas detection can provide
researchers of sensor materials and/or devices with a promising solution to further enhance their
sensor performances.

2. Materials and Methods

2.1. Synthesis of Carbon Dots (CDs)

The carbon dots (CDs) were synthesized via a precursor pyrolysis method [38,39]. 1-octadecene
(15 mL) and oleylamine (2 mL) were blended in a three-neck flask (50 mL), and then degassed under
nitrogen (N;) purge for 30 min. Sequentially, the temperature was elevated to 200 °C, and citric
acid (1 g, precursor) was added into the flask with mild stirring. After 20 min, the reactant solution
was cooled down to room temperature, and ethanol (20 mL) was added for the precipitation of CDs.
The solution was centrifuged at 4000 RPM for 10 min, and the precipitated CDs were re-dispersed in
1,2-dichlorobenzene (C¢H4Cly, Sigma-Aldrich, St. Louis, MO, USA) by 0.02 mg/mL.

2.2. Preparation of Carbon Dot (CD)-Decorated SWCNT Suspensions

Purchased SWCNTs (diameter: 1.2-1.7 nm, length: 0.1-4 um, purity: >99%, Nanointegris
Technologies, Boisbriand, Quebec, Canada) were used without further purification. A total of 1
mg of the SWCNTs was uniformly dispersed in 50 mL of 1,2-dichlorobenzene by sonicating for 4 h
(here, the concentration value was chosen in previously reported SWCNT-based sensors [15,17,18]).
For preparing CD-decorated SWCNT suspensions, the CD suspension (0.02 mg/mL, prepared in
experimental Section 2.1) was injected into 0.02 mg/mL of SWCNT suspension with the volume ratios
of 1:1, 2:1, and 3:1, respectively.
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2.3. Fabrication of CD-Decorated SWCNT-Based Gas Sensors

Figure 1 shows the fabrication schematics of the CD-decorated SWCNT-based gas sensor.
An 5i0,/Si substrate was cleaned by sonicating it in acetone, methanol, and deionized (DI) water for
15 min each, and then exposing it to an ultraviolet (UV)-ozone atmosphere for 20 min to eliminate
residual contaminants and make the surface hydrophilic. Sequentially, the SiO, surface was pre-treated
with poly-1-lysine (PLL) solution for 20 min to form a homogeneous SWCNT layer [40]. In total, 4 mL
of the CD-decorated SWCNT suspension was sprayed onto the SiO,/5Si substrate using a spray gun
with a 0.18 mm-nozzle. The SWCNT network was successfully adsorbed onto the substrate by placing
it on a hot plate at 180 °C for 30 min. Finally, interdigitated 200 nm-thick Au electrodes were deposited
using a shadow mask with a 150 um gap.

UV illumination

e 4 \PLL solution
| -

(a) Preparation of Si0,/Si substrate (b) UV-0zone treatment (¢) PLL-solution drop casting
NO, gas j
» T a3
“ Au
& CDs-decorated SWCNTs !
__ @ _
<« <

(f) NO, gas detection (e) Au electrode deposition (d) Active thin-film coating

Figure 1. Schematic fabrication process of the chemiresistive-type gas sensor. (a) Preparation of the
5i0O,/Si substrate by sonicating it in acetone, methanol, and deionized (DI) water for 10 min each.
(b) UV-ozone treatment to eliminate organic residues on the SiO,/Si substrate. (c) poly-L-lysine
(PLL)-solution drop casting for the successive carbon dot (CD)-decorated single-walled carbon
nanotubes (SWCNT) thin-film formation. (d) Active thin-film coating by a spray-printing method.
(e) Au electrode deposition by a sputtering method. (f) Measurement of the NO, gas response in
a custom-built gas sensing system.

2.4. Sensing Measurements

The gas sensing performance was measured in a custom-built system consisting of gas bombes,
mass flow controllers (MFCs), a gas mixer, a gas chamber, etc., as described in Figure S1. Five target
gases (NOy, CO, NO, C¢Hg, and CyHg) were tested, and each gas was diluted with a carrier gas (Nj)
using accurate MFCs. In all measurements, the total flow rate was 300 sccm at room temperature,
and the bias voltage was 1 V. To connect the Keithley 2400 source meter (Keithley Instrument, Cleveland,
OH, USA) to a computer, a GPIB-to-USB converter was used, and the LabView software (National
Instruments, Austin, TX, USA) was then utilized for data acquisition.

3. Results and Discussion

The synthesized carbon dots (CDs) were characterized by TEM analysis. Figure 2a shows that
spherical CDs with a uniform diameter of ~6.3 nm were synthesized by the precursor pyrolysis method.
The high resolution TEM image (inset) shows the lattice fringes of a CD, whose d-spacing value is 0.21
nm, indicating the (100) lattice structure [1]. The CDs were further characterized by a wide-angle X-ray
diffraction (XRD) pattern (Figure 2b). Two broad peaks (including a faint and broad peak at around 26
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= 42°) demonstrate the existence of numerous disordered CDs containing C(002) and C(100) lattice
structures [41].
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Figure 2. Characterization of carbon dots (CDs) and CD-decorated SWCNTs: (a) A transmission
electron microscope (TEM) image (inset shows the lattice fringe of a CD); (b) a wide-angle X-ray
diffraction (XRD) pattern of the synthesized CDs; (c) a magnified TEM image of CD-decorated SWCNTs;
and (d) UV-vis absorbance spectra of the CD-decorated SWCNT suspension (inset shows the magnified
spectrum of the 450-550 nm range).

Three kinds of CD-decorated SWCNT suspensions were prepared with volume ratios of 1:1, 2:1,
and 3:1, respectively, and then characterized using TEM and UV-visible spectroscopy. Figure 2c is
a highly magnified TEM image of the (1:1) CD-decorated SWCNTs. Here, strands of SWCNTs decorated
with lots of CDs are clearly seen, verifying the successful decoration of SWCNTs with CDs. Because
there is no chemical interaction between CDs and SWCNTs, the CDs are weakly bound to SWCNT
walls by van der Waals forces [1]. Considering that the SWCNTs with diameters of 1.2-1.7 nm were
initially used, the diameter of ~15 nm in the TEM image was obtained as a bundle of SWCNTs, but not
an individual SWCNT (TEM images of the SWCNTs before and after CD decoration are compared in
Figure 52). The inset shows a photograph of the CD-decorated SWCNT suspension with a brownish
color, which demonstrates its homogeneous dispersion.

Figure 2d shows the UV-visible absorbance spectrum of the CD-decorated SWCNT suspension.
The spectrum looks similar to that of a pure CD suspension, whose absorbance continuously increases
down to 300 nm [41]. However, a series of tiny peaks were found in the wavelength region of 450~550
nm (see the inset). The small peaks indicated by red arrows are only observed in the SWCNT
suspension, and are not found in the pure CD suspension. This is more evidence for CD-decorated
SWCNTs (see Figure S3 for more information).

Three kinds of gas sensors were fabricated using the different CD-decorated SWCNT suspensions
(1:1,2:1, and 3:1), and the responses to the nitrogen dioxide (NO;) gas were measured in the custom-built
gas sensing system (see Figure S1 for fabrication details). Figure 3a shows the time-resolved response
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curves of three sensors measured at 2 ppm NO, (here, the gas response (%) is defined as (AR/Rg) % 100).
During the measurement, the NO, gas was introduced into the chamber consistently with a total flow
rate of 300 sccm by using a mass flow controller (MFC) for 600 s (on state), and the inert nitrogen
(N) gas was then introduced identically (off state). All the measurements were performed at room
temperature (~25 °C). Here, since the CD-decorated SWCNT-based sensors do not show any saturations
in both the on and off states, the response and recovery times are defined as the times required to
reach and recover 90% of the sensor’s maximum and minimum resistances, respectively [15,17,21].
According to the analyzed data, the average response and recovery times are ~381 and ~294 s,
respectively, and there is no noticeable dependence of the response and recovery time on the CDs to
SWCNTs ratio or NO, concentration (see Figure 54 for more information).
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Figure 3. (a) Time-resolved response curves of gas sensors with CDs to SWCNTs ratios of 1:1, 2:1,
and 3:1, respectively. (b) Response variations depending on the CDs to SWCNTs ratio. (c) Variations
of the time-resolved response curves at different NO, concentrations. (d) Response variation of the 2:1
device as a function of the NO, concentration.

In general, the resistance of an SWCNT-based chemiresistive-type gas sensor decreases when
exposed to the oxidizing NO, gas. This is because SWCNTs display a p-type nature in air due to
the doping effects of H,O and O; [42], and electron-withdrawing NO, molecules capture electrons
from SWCNTs, making more holes in the p-type channel, as described in Equation (1) [3,15].

NO, - NO,™ + h* )

Interestingly, in our results, the sensor resistance increased when exposed to NO,, as shown
in Figure 3a. This phenomenon can be understood with the n-doping effect by the electron-rich
CDs [39,43]. The decrease in electron density upon exposure to NO, gas can increase the resistance
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of CD-decorated SWCNT sensors. Moreover, the results show that the CDs to SWCNTs ratio is critical
in determining the response values. The sensor’s response values extracted from their time-resolved
response curves are summarized in Figure 3b. When the CDs to SWCNTs ratio is 2:1, the sensor
shows the highest response (Raverage) value of ~42.0% to NO, gas at 4.5 ppm. From the results, we can
reasonably expect that there exists an optimized CDs to SWCNTs ratio for NO, gas molecule adsorption,
which means the optimum doping state of the SWCNTs for NO; detection. In this experiment, we
controlled the NO, concentration in target gas at 0.1, 0.5, 1.0, 2.0, and 4.5 ppm, and then measured
the time-resolved response curves in each case. The results show that at every concentration of NO,
gas (except the 0.1 ppm case, in which the response difference is not clear), the 2:1 sensor exhibited
the highest response values.

Figure 3c shows relative comparisons of the time-resolved response curves measured at different
NO; concentrations (hereafter, the 2:1 sensor was used for analysis). Shaded regions indicate the area
where the NO; gas was introduced. At the low concentrations of 0.1 and 0.5 ppm, the difference
in their relative response values is inconspicuous. However, as the NO, concentration increases,
the corresponding response value markedly increases. Figure 3d shows plotted data of the response
values as a function of the NO; concentration. At each concentration, 5-cycle response curves were
measured and their response values were averaged. The red-dotted curve is a fitting line with

the formula y = Ale(_%) + Aze(_é) + yo (here, the fitting line coincides well with the actual data, with
the coefficient of determination (COD, R?) value of 0.9969). When the NO, concentration increases from
0.1to0 2.0 ppm, the gas response rapidly increases from 3.3% to 27.0%. In this concentration range of NOy
gas, surface occupation by the NO, gas molecules is accelerated in a relatively short time, markedly
increasing the surface reaction [3,44]. However, in the range of 2.0~4.5 ppm, the surface reaction
becomes gradual, and the response increases slightly to 42.0%. Through the results, it can be predicted
that the active surface coverage is gradually saturated by NO, molecules at concentrations above 2.0
ppm, and the number of vacant adsorption sites thus decreases. From the curve, the sensor’s limit
of detection (LOD) was theoretically calculated to be 18 ppb [1,45] (see Figure S5 for more information).

Figure 4 describes an expected NO, gas sensing mechanism of the CD-decorated SWCNT-based
sensor. As discussed above, the CD-decorated SWCNTs behave as n-type material because the SWCNTs
are heavily doped by the electron-rich CDs. Considering that the SWCNT is a hollow structure,
the carriers are mainly present near the wall, which increases the carrier concentration (Figure 4a).
This state can be expressed as band-bending, as shown in the diagram below. The electron accumulation
layer corresponds to the bending area (1). In the presence of NO, gas, oxidative NO, molecules
are adsorbed on the SWCNT surface, resulting in electron transfer from the SWCNT surface to
the NO, molecules. Therefore, the concentration of electrons (i.e., main carriers) is decreased, as
schematically shown in Figure 4b. Meanwhile, the adsorption of NO, gas molecules on the surface
of SWCNTs causes upward band-bending in the energy band (1 — 2), which results in an increase
of the electrical resistance.

Finally, we measured the sensing performances of the CD-decorated SWCNT-based gas sensor for
five different gases (NO,, CO, NO, C4Hg, and C;Hg) to evaluate the sensor’s selectivity. Here, each target
gas was diluted by using N, gas to obtain a concentration of 1.0 ppm, and the resistance change was
then measured by the same method. Figure 5 shows the time-resolved response curves of the sensor
for the above-mentioned gas species (here, the normalized resistance value (y-axis) is defined as R/Ry,
and each inset image indicates the visualized molecular structure of the corresponding gas). In the case
of NO, gas, the resistance increases immediately upon exposure to the gas, and also rapidly decreases
when N, gas is introduced, with the maximum value of ~1.15 (converted response value is ~15%).
The large resistance variation can be understood with the electrophilic nature of NO, molecules that can
easily interact with the n-type channel, as discussed above. On the other hand, there is no noticeable
resistance change for other gases (CO, C¢Hg, and C7Hjg), except for the NO gas (~1%). The slight
decrease in the resistance upon exposure to NO gas is probably due to the electron-donating effect of the
NO molecules [46]. When the NO molecules are adsorbed on the surface of CD-decorated SWCNTs,
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the NO molecules are oxidized to give electrons to the n-type channel. As a result, the sensor’s
resistance decreases. Nevertheless, because the response value to NO gas is negligible (~1%) compared
to that of NO; gas (~15%), we can conclude that the CD-decorated SWCNT-based sensor can detect
NO; gas with a high selectivity.

(a) In N, (b) In NO,

SWCNT core (High R)

NO; (gas) + e > NO, (ads.)

Figure 4. Schematic illustration of the expected NO, gas-sensing mechanism of the CD-decorated
SWCNTs: (a) In an inert atmosphere, and (b) upon exposure to NO,. The band diagrams indicate
the schematic electron distributions of the corresponding structures (bending parts (1 and 2) correspond
to the electron accumulation layers in each case).
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Figure 5. Selectivity test of the CD-decorated SWCNT-based gas sensor (CDs:SWCNTs = 2:1);
normalized resistance (=R/Ry) vs. time curves of gas sensors for five gas species (1 ppm of NO,, CO,
NO, C¢Hg, and C7Hg). The measurements were carried out utilizing the custom-built sensing system
at room temperature. The inset images indicate the corresponding gas molecular structures.

4. Conclusions

In this paper, we have suggested the possibility of employing CD-decorated SWCNTs for highly
selective NO; detection at room temperature. The facilely prepared CD-decorated SWCNT suspension
was spray-coated on an SiO,/Si substrate, and the interdigitated Au electrodes were then sputtered
to complete the sensor. The resistance of the sensor increased when exposed to NO, gas, which
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was opposite to the results of previously reported SWCNT-based NO; sensors. This is because
the SWCNTs were heavily n-doped by the synthesized CDs. In addition, the response values of the
sensors were significantly changed, depending on the CDs to SWCNTs ratio in the active suspension,
and showed the highest value of 42% at the 2:1 ratio (in results of the sensing test using 4.5 ppm NO;).
More desirably, the fabricated sensor responded very weakly to NO gas, and did not respond at all
to other gases (CO, C¢Hg, and CyHg), revealing its high selectivity toward NO, gas. We expect that
the proposed NO, sensing mechanism and the doping phenomenon can be utilized to improve various
device performances, as well as highly selective NO, sensor applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2509/s1,
Figure S1: Schematic image of the chemiresistive-type gas sensor measurement system, Figure S2: TEM images
of SWCNTs; (a) before- and (b) after the CDs decoration, Figure S3: UV-visible spectra of the synthesized
carbon dots (CDs) (a) and the purchased single-walled carbon nanotubes (SWCNTs) (b). (Each inset shows
a photograph of the corresponding suspension.), Figure S4: (a) Definition of response- and recovery times in
a typical time-resolved response curve. Variations of (b) response- and (c) recovery times depending on the
ratio of CDs to SWCNTs (the measurement was performed at 2.0 ppm of NO, concentration.). Variations of (d)
response- and (e) recovery times depending on the NO, concentrations (the 2:1 device was utilized for this data.),
Figure S5: (a) Time-resolved response curve of the sensor to 0.1 ppm NO,. (b) Response to NO, concentration
curve and its fitting.
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