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ORIGINAL PAPER
Unravel the Active Site in Nitrogen-Doped Double-Walled
Carbon Nanotubes for Nitrogen Dioxide Gas Sensor
Worawut Muangrat, Winadda Wongwiriyapan, Visittapong Yordsri, Thanattha Chobsilp,
Saowaluk Inpaeng, Chaisak Issro, Oleg Domanov, Paola Ayala, Thomas Pichler, and Lei Shi*
In this paper, a nitrogen dioxide (NO2) gas sensor using nitrogen-doped
double-walled carbon nanotubes (N-DWCNTs) with different types of nitrogen
is demonstrated, and the sensor performance to the pyridinic nitrogen is
related. The ratio of nitrogen is controlled by the temperature applied for the
synthesis. It is found that the fabricated sensor from N-DWCNTs enable an
approximately threefold improvement in NO2 detection compared to the
sensor from DWCNTs. Also, the improvement of sensor response of N-
DWCNTs more depends on the pyridinic site than the other types of
nitrogen, because it can strongly interact with the NO2 molecule. The
sensing mechanism is attributed to the charge transfer between the NO2

molecule and the sensing materials (especially with pyridinic site), which
shifts the Fermi level, resulting in a decrease of the electrical resistance.
Furthermore, the relation between the sensor response and the concentration
of NO2 is derived based on Langmuir adsorption isotherm, and the
calculated detection limit can be down to 0.14 ppm, which suggests that the
N-DWCNTs-based sensor is a promising approach for low concentration NO2

detection at room temperature.
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1. Introduction

Carbon nanotubes (CNTs) is an allotrope of
carbon with a cylindrical nanostructure.[1,2]

The excellent structural, mechanical, ther-
mal, and electrical properties of CNTs
make them a promising candidate for
the potential applications.[3] For example,
CNTs have been shown outstanding poten-
tial for gas sensing application because
of their large specific area[4] and high
electrical conductivity.[5,6] Single-wall
CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs)-based sensor have demon-
strated a high response to oxidizing gas
down to parts per million (ppm) level
under room-temperature operation,[6–10]

especially to the nitrogen dioxide (NO2).
NO2 is a toxic gas that can cause nausea,
irritation to the eyes, nose, and throat, as
well as damage the lungs and may lead to
chronic bronchitis. Therefore, detection of
the NO2 below the risk range is absolutely
crucial. Most studies on the enhanced NO2
gas-sensing performance have focused on the combining
polymer functionalization or metal nanoparticle decoration
with CNTs.[11–15] The CNTs functionalized polymer and
decorated metal nanoparticle show high sensitivity to NO2.
Recently, another approach for improvement of the sensitivity is
doping the CNTs with heteroatoms. Doping CNTs with boron or
nitrogen into CNT structure can enhance the performance
toward various gases.[16–18] Also, N-CNTs could be more efficient
for detection of toxic species compared to undoped CNTs.[16] In
addition, N-MWCNTs have shown slightly better carbon
monoxide sensitivity than the B-MWCNTs.[17] However, since
many types of nitrogen usually exist in the N-CNTs, the roles of
these nitrogen sites for the detection are still unclear and lack of
specialized study. Compared with SWCNTs, double-walled CNTs
(DWCNTs) have higher mechanical strength, better chemical
stability, and excellent conductivity, hence, doping nitrogen
atoms into DWCNTs should be suitable for more sensitive NO2

detection. Here, we report the comparison of the NO2 gas-
sensing performance based on DWCNTs and N-DWCNTs. The
sensor response of the fabricated sensor from N-DWCNTs to
NO2 gas was 2.7-fold higher than that of sensor from DWCNTs.
The improvement in the sensor response of N-DWCNTs is
attributed to the pyridinic nitrogen site, which has a higher
response than the other nitrogen sites.
by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

https://doi.org/10.1002/pssa.201800004
http://creativecommons.org/licenses/by-nc/4.0/
http://www.pss-a.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssa.201800004&domain=pdf&date_stamp=2018-04-25


st
a
tu

s

so
li

d
i

p
h

y
si

ca a

www.advancedsciencenews.com www.pss-a.com
2. Results and Discussion

To reveal the nanostructure of DWCNTs and N-DWCNTs,
Transmission electron microscope (TEM) was applied for
statistics research. As shown in Figure 1a and b and S1,
Supporting Information, the DWCNTs and the N-DWCNTs
are normally in bundles. Sometimes, individual DWCNTs can
be seen as shown in the inset of Figure 1a and b, whose
structures are very well and without big defects. Also, no
difference of the structure can be found between doped and
undoped tubes. The diameter distribution histograms sta-
tistically frommany TEM images are studied and summarized
in Figure 1c and S2, Supporting Information. The average
diameters of DWCNTs (1.94� 0.28 nm) is slightly larger than
all the N-DWCNTs synthesized at different temperatures,
which implies that the nitrogen doping plays a role in decrease
of the diameter of N-DWCNTs. However, in general all the
samples have similar diameter distributions. In addition, after
purification, the iron catalysts and amorphous carbon were
almost completely removed in the DWCNT sample
(Figure 1a), while in the N-DWCNTs the metal catalytic
particles (small particles with darker contrast) and amorphous
carbon attached on the wall of tubes can still be found
(Figure 1b and S1, Supporting Information). Since the
amount of amorphous carbon is rather small, and its
resistance is much higher than the carbon nanotubes, hence
in general the amorphous carbon has almost no influence on
the sensor response of the whole sample. Previous work
showed that the iron catalyst was insensitive to NO2 gas.[19]

Therefore, in our case such amount of catalysts will not be
considered later in the analysis.
Figure 1. The low- and high-magnification (inset) TEM images of (a)DWCNTs
(b) N-DWCNTs 900 �C. (c) Diameter distributions of DWCNTs 900 �C and N
900 �C obtained from the TEM statistics. (d) The average outer tube diameter o
and N-DWCNTs as a function of synthesis temperature obtained from TEM s
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Since TEM is a very local measurement, and the purity as
well as defects can not be clearly resolved in the TEM, Raman
spectroscopy with larger examine area was employed for the
DWCNTs and N-DWCNTs samples. First, as seen in Figure 2a,
no shift of the RBM frequency can be observed, suggesting
that the diameter of the tubes are not changed by the N-doping
and under different synthesis temperature, which is consis-
tent with the above-mentioned TEM results. Second,
compared to the 2D-band of the undoped DWCNTs
(Figure 2b), the 2D-bands of the N-DWCNTs shift to lower
frequencies, which confirms the success of N-type dop-
ing.[20,21] Third, usually, the intensity ratio of the G-band to
D-band (IG/ID) can be used as indicator of the defects and
the impurities. As seen in Figure 2a, compared to the
DWCNTs (IG/ID¼ 61.32), a significant IG/ID decrease
(Table S1, Supporting Information) for all the N-DWCNTs
indicates the effects of the N-doping (like defects) and the
existence of the impurities. Furthermore, for the N-DWCNTs
the change of the IG/ID value should be related to the N
doping ratio in the samples,[22] so the samples were measured
by X-ray photoelectron spectroscopy (XPS) to obtain the
corresponding information about the types of N-doping and
their ratios.

C1s peak and O1s peak (introduced during the purification
process) can be clearly seen in the survey for both DWCNTs–
925 �C and N-DWCNTs–925 �C, and a small peak belong to the
N1s can be found in the N-DWCNTs sample (Figure 3a).
Although the iron catalysts were observed in the TEM, no iron
signal can be found in the XPS during the same measurement
time as N1s. The C1s is not shifted and also not broadened by the
doping, suggesting a low-doping ratio. Indeed, the N-doping
900 �C and
-DWCNTs
f DWCNTs
tatistics.

018 The Author
ratio is between 0.7 and 1.6 at.% in the samples
synthesized at different temperatures (see details in
Table S2, Supporting Information). Furthermore,
four types of nitrogen can be assigned in the
samples: pyridinic at 398.2 eV, pyrrolic at 399.9 eV,
graphitic at 401.6 eV, and oxidized at 403.7 eV
(Figure 3b).[23,24] Figure 3c shows the nitrogen
content as a function of synthesized N-DWCNTs
under 875–950 �C, where 900 �C is the optimized
condition to obtain the highest nitrogen concentra-
tion of N-DWCNTs. This is consistent with the
Raman spectral results that the N-DWCNTs–900 �C
sample has lowest IG/ID. Hence we confirmed that
higher nitrogen content in
N-DWCNTs decreases the degree of crystallinity in
their structure, resulting in a decrease of IG/ID value.
Therefore, by different synthesis temperature, we
can control the crystallinity and the nitrogen
content, which are the key factors for the following
sensor sensitivity performance.

The sensors were fabricated from the samples
with 0.0–1.6 at.% doping ratio and tested using the
sensor response (%) as a function of time at 500 ppm
of NO2 (Figure 4a). The electrical resistance of all
sensors decreased upon NO2 exposure. The sensor
response of N-DWCNTs–900 �C shows the highest
response to NO2, which is 2.7-fold higher than that
of DWCNTs–900 �C. This result is obvious because
s. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Raman spectra of DWCNTs and N-DWCNTs excited by 633 nm
laser. a) RBM region, (b) 2D-band, and (c) G-band and D-band.
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the N-DWCNTs–900 �C has the highest doping ratio among the
samples. Generally, the sensing mechanism is ascribed to the
charge transfer between the absorbed gas molecules and the
sensing material. The electron transfers from the DWCNTs/the
Phys. Status Solidi A 2018, 215, 1800004 1800004 (3 of 6) © 2
N-DWCNTs to NO2 molecules, then the hole density in the
DWCNTs and N-DWCNTs increase (the Fermi level shifts
closer to the valence band), resulting in a decrease of the
electrical resistance.[16,18,25] However, the question is which
type of N-doping plays greater role in the sensing process? To
answer this, Figure 4b shows the sensor response of all sensors
toward 500 ppm of NO2 as a function of nitrogen type. It shows
that the sensor response of N-DWCNTs depends strongly on
the amount of pyridinic nitrogen in N-DWCNTs but not the
amount of pyrrolic nitrogen, because the adsorbed NO2

molecules more favor at the pyridinic site compared to the
other nitrogen sites, resulting in the highest response for N-
DWCNTs–900 �C.[26] In addition, several stages exist in the
response curve, because the response speed varies for defects
and functional groups on the nanotubes as well as different
types of nitrogen sites.

For the recovery of sensor, all sensors were unable to
recovery to their initial resistance by N2 gas purging (data not
shown). NO2 molecule strongly interact with sensing
materials through chemisorption, resulting in difficulty in
removing NO2 molecules from the sensing materials.[27,28]

The reversibility of the sensor can be improved by applying
heat or UV exposure, similar to the SWCNTsensor system.[8–
10] For the response time of the sensor, the response time is
defined as the time taken by the sensor to reach 90% of its
maximum sensor response. The DWCNTs 900 �C showed the
fastest response with a response time of �278 s, but it
exhibited the smallest response magnitude. On the other
hand, the N-DWCNTs 900 �C enabled threefold improve-
ment in NO2 detection compared to the DWCNTs 900 �C.
However, the response time of the N-DWCNTs 900 �C
increased up to 791 s, which is �2.85 times higher than that
of the pristine DWCNTs. The N-DWCNTs 900 �C shows a
merit for a significant enhancement of sensor response
magnitude but there is room for improvement in its
response time.

Another key factor for the sensor is the limit of detection
(LOD). Figure 5 shows the sensor response of N-DWCNT–
900 �C as function of time and NO2 concentration in the
range of 5–500 ppm. The sensor response N-DWCNT–900 �C
increases with the NO2 concentration (Figure 5a), and trends
to saturate at 500 ppm (Figure 5b), because the sensing
material surface is completely covered by NO2 molecule to
avoid any more exposure. The feature of NO2 adsorption can
be described based on the Langmuir isotherm.[9,29] The
calculation of LOD of N-DWCNTs–900 �C is investigated, and
10 consecutive data points prior to exposure to NO2 were
plotted to fit a fifth-order polynomial. The Vx2 was calculated
using Equation (1), where, yi is the measured value of sensor
response and y is the corresponding value calculated from the
fifth-order polynomial fit. Equation (2) was used to calculate
the rmsnoise of the sensor, where N is the number of data
points used for the curve fitting (N¼ 30). Finally, the LOD can
be obtained from Equation (3) by the slope of the linear
regression fit on the sensor response versus concentration
plot.[8] The calculated LOD of N-DWCNTs–900 �C is
0.14 ppm. Compared to the sensor performance based on
SWCNTs and MWCNTs at room temperature, our result
shows lower LOD by the help of pyridinic N-doping.[6,30]
018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) XPS survey of DWCNTs 900 �C and N-DWCNTs 925 �C. b) The N1s spectra of N-DWCNTs 925 �C. c) The nitrogen content as a function of
synthesized N-DWCNTs at 875–950 �C. d) Schematic view of different types of nitrogen doping sites.
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These results imply that the sensor based on N-DWCNTs–
900 �C could be down to part per billion-level NO2 detection in
future if combined with functionalization by Pt, Pb, Au, and
with other substrate.[31–33]

Vx2 ¼
X

ðyi � yÞ2 ð1Þ
Figure 4. a) Sensor responses (%) of all sensors toward 500 ppm of NO2 as
ratio of different types of nitrogen as a function of synthesized temperature

Phys. Status Solidi A 2018, 215, 1800004 1800004 (4 of 6) © 2
rmsnoise ¼
ffiffiffiffiffiffiffi
Vx2

N

r
ð2Þ

LOD ¼ 3
ðrmsnoiseÞ
slope

ð3Þ
a function of time. b) Sensor response saturation limit (left axes) and the
.
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Figure 5. Sensor responses (%) of N-DWCNTs 900 �C as a function of (a) time, and (b) NO2 concentration in the range of 5–500 ppm.
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3. Conclusions

The NO2 gas sensors were fabricated based on N-DWCNTs
with different types of nitrogen doping and various doping
ratio, and their performances were tested and compared to
the sensor made from DWCNTs. The results show that the
N-DWCNTs–900 �C exhibited a 2.7-fold improvement in the
response to NO2 gas compared to DWCNTs–900 �C, which is
attributed to the charge transfer from sensing materials to the
adsorbed NO2 molecule. Importantly, the pyridinic nitrogen was
proved that it plays greater role than the other types of nitrogen
of N-DWCNTs in improving the sensor performance. Further-
more, following the Langmuir adsorption isotherm, the LOD of
the optimum sensor is 0.14 ppm NO2, which is much improved
compared to the undoped DWCNTs. Therefore, it is very
promising to be used in real NO2 detection at room temperature
in future.
4. Experimental Section
Synthesis of DWCNTs and N-DWCNTs: DWCNTs and
N-DWCNTs were synthesized by HVCVD using reported method.[34–36]

The DWCNTs and N-DWCNTs were grown using ethanol (Sigma–
Aldrich) as the carbon source and benzylamine (Sigma–Aldrich) as the
carbon and nitrogen sources, respectively. Firstly, ammonium iron (III)
citrate (Fluka) at the concentration of 3 wt.% was mixed with
magnesium oxide (MgO, Sigma–Aldrich) nanostructured powders in
ethanol by sonication for 30min and followed by stirred by Heating
ThermoMixer (DITABIS, MHR 13, V 301A4) at the rotation speed of
3000 rounds per minute at 70 �C for 24 h in order to remove the ethanol.
The mixed powder was ground to obtain a fine catalyst powder and
placed in an alumina crucible which placed horizontally in the center
of the HVCVD. The base pressure was evacuated to 10�7mbar and
then the temperature was increased to 400 �C to eliminate the humidity
in the catalysts until the pressure reached back to 10�7mbar.
The synthesis temperature was carried out in the range of
875–950 �C (referred to as DWCNTs–900 �C, N-DWCNTs–875 �C,
N-DWCNTs–900 �C, N-DWCNTs–925 �C, and N-DWCNTs–950 �C, re-
spectively). To synthesize DWCNTs/N-DWCNTs, ethanol/benzylamine
vapors were introduced into HVCVD system controlled by a needle valve
to keep the pressure at �50–70 and �1mbar, respectively, keeping
Phys. Status Solidi A 2018, 215, 1800004 1800004 (5 of 6) © 2
the synthesis for 60min. Then, the HVCVD was cooled down to room
temperature with high vacuum to avoid the amorphous carbon formed.
The as-grown samples were immersed in 37% hydrochloric (HCl) acid
for 12 h, then filtered and washed with distilled water until pH¼ 7. Next,
the samples were annealed under air atmosphere at 400 �C for 30min to
remove the covered amorphous carbon attached on the tubes and the
catalysts. Then again samples were soaked in 37% of HCl acid for 12 h,
filtered, and washed with distilled water until pH¼ 7. Finally, the
samples were annealed under air atmosphere at 500 �C for 30min to
remove the SWCNTs.

Characterization Techniques: Raman spectroscopy (Horiba JobinYvon,
LabRAM HR800) was employed to characterize the purity and crystallinity
with 633 nm (1.96 eV) wavelength light from an Ar laser light source. The
nanostructure was analyzed by transmission electronmicroscopy operated
at 200 KV (TEM; JEOL, JEM-2100). The chemical bonding and element
compositionwere characterized by X-ray photoelectron spectroscopy (XPS)
using hemispherical SCIENTA RS4000 photoelectron equipped with a
monochromatic Al Kα radiation (1486.7 eV).

Fabrication of Sensor Devices and Gas Sensor Measurement: A total of
1mg of purified DWCNTs and N-DWCNTs suspension were separately
dispersed in 25mL of ethanol by ultra-sonication for a designated time
period. A 100 μL of DWCNTs–900 �C, N-DWCNTs–875 �C, N-DWCNTs–
900 �C, N-DWCNTs–925 �C, and N-DWCNTs 950 �C in ethanol were
separately dropped onto the ceramic substrate. During drop casting the
substrate was heated at 100 �C to eliminate the solvent in the sample
material. The sensor response to NO2 gas was investigated at room
temperature by recording their electrical resistance using multimeter
(FLUKE 189). The changing of electrical resistance measurement was
performed using a four-point probe method. The fabricated all sensors
were placed in the stainless steel chamber and then N2 gas was
introduced into the chamber at a flow rate of 500 standard cubic
centimeters per minute (sccm) for 10min as a baseline. The mixed NO2

and N2 gas was introduced into the detection chamber to measure the
sensor response of all sensors. The NO2 concentration was in the range of
5–500 ppmwhich adjusted by the flow rate of NO2 and N2 dilution gas. All
of sensors were measured until to reach its saturation point. The sensor
response (SR) (%) of all sensors was calculated following by Equation (4),
where RNO2 and RN2 are the electrical resistances of the sensor after and
before NO2 exposure, respectively.

SRð%Þ ¼ RNO2 � RN2

RN2

� �
� 100 ð4Þ
018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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