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Abstract: The flocculation of small surficial groups on pristine CNCs (carbon nanocoils) bundles
limit their application. In this study, we designed and fabricated novel array CNCs with a surficial
decoration of polyaniline (PANI) using in situ methods. Atomic layer deposition (ALD) and chemical
vapor deposition (CVD) methods were employed to fabricate the highly pure array CNCs. The array
CNCs decorated with ultra-thin PANI were confirmed by different characterizations. Furthermore,
this material displayed a good performance in its detection of formaldehyde. The detection results
showed that the CNCs coated with PANI had a low limit of detection of HCHO, as low as 500 ppb,
and the sensor also showed good selectivity for other interfering gases, as well as good repeatability
over many tests. Furthermore, after increasing the PANI loading on the surface of the CNCs, their
detection performance exhibited a typical volcanic curve, and the value of the enthalpy was extracted
by using the temperature-varying micro-gravimetric method during the process of detection of the
formaldehyde molecules on the CNCs. The use of array CNCs with surficial decoration offers a novel
method for the application of CNCs and could be extended to other applications, such as catalysts
and energy conversion.

Keywords: array carbon nanocoils; atomic layer deposition (ALD); QCM sensors; surficial
decoration; PANI

1. Introduction

As an important carbon material, carbon nanocoils (CNCs) have attracted increasing
attention in the study of catalysis templates, wave-absorption and energy conversion-
storage due to their unique geometrical and mechanical elegance, light weight, good
stability, and electrical properties [1-4]. For example, carbon nanocoils have exhibited their
application potential in terms of the advantages they offer in the design of electromagnetic
wave absorbers, flat-panel displays, and catalysis templates [5]. Given the advantages of
CNCs, it is interesting to further explore their application in sensors for environmental
monitoring. However, there are few studies about their application in gas sensors. Quartz
crystal microbalance (QCM), which offers advantages such as high sensitivity, low working
temperature, high portability and low power consumption, offers a novel direction for the
application of CNCs in gas sensors [6,7].

Sensing materials with large specific surface and surficial groups, such as metal or-
ganic framework (MOF) [8], covalent organic framework (COF) [9] and Santa Barbara
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Amorphous-15 (SBA-15)/ordered mesoporous carbon material FDU-15 (FDU-15) [10,11]
offer high QCM detection performance. However, although the CNCs have highly specific
surfaces, pristine CNCs haves little surficial groups and could be flocculated into bun-
dles, like carbon nanotubes (CNTs), through van der Waals interaction. It is interesting
and important to develop highly dispersed CNCs with surficial decoration of functional
groups. Efforts have been made to improve the dispersion of CNCs and to decorate sur-
ficial functional groups. The direct fabrication of CNCs on different matrices can lead
to good dispersion of CNT, resulting in high mechanicity and a wide range of potential
applications [12-14]. The surficial decoration of polymers has been widely applied in
the form of active gas materials due to its high sensitivity, low working temperature and
unique physicochemical properties [15-20].

Formaldehyde (HCHO) is widely used in the chemical industry because it is an
economical chemical. However, formaldehyde as gaseous pollution from indoor decora-
tion and industrial production, described as a carcinogen by the US National Toxicology
Program, is harmful and toxic to human beings [21-24]. Different methods, including
gas/liquid chromatography (GC/LC), colorimetric analysis and mass spectrometry (MS)
have been developed to mitigate this. However, these methods are always time-consuming
and costly [21,22].

Efforts have been made by researchers to develop portable, sensitive and selective
sensors. Functional materials applied as QCM sensors offer a novel direction for the
detection of formaldehyde. The reactions between -NH, and RyCO are always used in the
design of formaldehyde-sensing materials [25-27]. Polyaniline (PANI) has been widely
studied and successfully applied in the surficial decoration of gas sensors (such as H;S,
NHj3, NO,, CO, acetone, benzene etc.) because of its easy fabrication, good environmental
stability and other unique physicochemical properties [15,28-36]. The abundant -NH- and
-NH, groups in PANI offer active sites for the adsorption of formaldehyde. Inspired by
previous studies, it is interesting to fabricate well dispersed CNCs with PANI surficial
decoration for the detection of formaldehyde. Moreover, the hydrophobicity of polyimide
can improve the resistance of QCM to humidity [37-40].

In this work, we employed ALD technology to deposit uniform Cu-based catalysts on
graphene. Subsequently, low-temperature CVD was employed to maintain the uniformity
of the sites and fabricate in situ array CNCs. The surficial decoration of PANI on the CNCs
was carried out by the electrodeposition method. The novel PANI-decorated array CNCs
displayed an excellent ability to detect formaldehyde. The formaldehyde sensor coated
with CNCs-PANI exhibited the highest sensitivity (70 Hz@0.5 ppm) and good selectivity.
The value of the adsorbed enthalpy was extracted by an adsorption isotherm method
that we have reported previously. The Action Level and TVA for formaldehyde were
0.5 and 0.75 ppm, respectively. Our sensor met the required LOD. As far as we know, these
were the first CNCs to have been used as a mass-type sensing material for the detection
of HCHO.

2. Experimental Method
2.1. Preparation of Cu-Based Catalysts

Firstly, grapheme was ultrasonically dispersed for thirty minutes before the ALD.
Next, the 2 mL solution was dropped onto quartz wafers and dried in air. Subsequently,
the Cu catalysts were deposited by ALD (Chongqging Nuotu Loc., Chongging, China) in
a hot-wall closed-chamber reactor. Bis (2,2,6,6-tetramethyl-3,5-heptanedionato) copper
(IIT) (99%, Alfa Aesar, Shanghai, China) and ozone (O3) were used as precursors in the
preparation of the Cu nanoparticles, with N (99.999%) as the carrier gas. O3 acts as an
oxidant and enables growth over a wide temperature range, as shown in Scheme 1. The
deposition temperature was 270 °C. In this work, the Cu-based catalysts with different
numbers of cycles by ALD were designated Cuy, where x is the number of Cu oxide ALD
cycles (100, 150, 200, 400, respectively).
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2.2. Synthesis of Array CNCs

After Cu-based catalysts were processed by ALD, the Cu catalysts were transferred
into a tube furnace equipped with a quartz tube (60 mm x 1100 mm). The CNCs’ growth
temperature was set as 250 °C, at a rate of 10 °C/min, in an H, / Ar (5%/95%) atmosphere.
The CNCs’ growth time was 30 min under atmospheric pressure, as shown in Scheme 1.
The obtained CNCs were transferred to the HNOj3 (68 wt%) solution at 100 °C for about
2 hin order to remove the Cu catalysts. Subsequently, the CNCs were filtered and dried.
Finally, the CNCs were dispersed in ethanol for further study.

electro-deosition

Scheme 1. Illustration for the fabrication of the PANI-CNC.

2.3. Synthesis of Array PANI-CNCs

For the preparation of the PANI-CNCs, CNC was ground with several drops of N-
methylpyrrolidone for 30 min, then the black slurry was printed onto the FTO and placed
in a vacuum oven at 60 °C for 24 h. The obtained sample was then cooled naturally.

The PANI-CNCs were fabricated through the electrodeposition method, featuring a
100 mL mixed solution containing 100 pL of aniline monomer, and 1 M H,SO,4 was used
as the electrolyte. The electrochemical deposition was performed in a three-electrode-cell
using FTO coated with CNT as the working electrode, a Pt foil as the counter electrode
and Ag/AgCl as the reference electrode, at a constant voltage of 0.8 V for 10 min. After
electrodeposition, the PANI-CNCs was washed with deionized water and ethanol for
several times and dried at 60 °C for 24 h.

2.4. Characterization

The transmission electron micrographs (TEM) and high-resolution TEM (HRTEM)
images for the morphologies of the materials were acquired by JEOL-2100F microscope
(JEOL, Tokyo, Japan). Field emission scanning electron microscopy (FE-SEM, JSM-6700 F,
JEOL, Tokyo, Japan) was also employed to observe the surface morphologies of the mate-
rials. The atomic force microscope (AFM) analysis of the samples was performed using
Nanosurf Naio AFM (Nanosurf, Liestal, Switzerland).

The adsorption—desorption isotherms for the different samples were carried out by
Micromeritics ASAP 2020 (Microm, San Jose, CA, USA). The XRD patterns were collected
on a DX-2700 diffractometer, using a Cu Kl source (Haoyuan, Dandong, China). The
surface area was analyzed by Micromeritics Tristar 3000 at 77 K. The X-ray photoelectron
spectroscopy (XPS) data were obtained with a WSCLAB X-ray photoelectron spectroscopy



Chemosensors 2021, 9, 276

40f15

system (Thermal Fisher, Agawam, MA, USA), using an Al K source. The attenuated
total reflection spectra (ATR) data for the samples were collected on an IS10 spectrometer
(Thermal Fisher, IS10, Agawam, MA, USA) with an MCT detector.

2.5. Fabrication of QCM Sensor and Sensing Performance

Piezoelectric quartz crystal QCM resonators (WestSensor Co., Chengdu, China) with
silver electrodes on both sides were used as transducers. The change of QCM frequency
was related to a change in the silver electrodes’ mass, and the relationship was described by
Sauerbrey equation AF = —2.26 x 10~%fy> Am/A, where f; is the fundamental resonant
frequency, which depends on the nature of the QCM chip, and A is the area of the silver
plates coated in quartz crystal. Apart from the invariants mentioned above, the frequency
shift (AF) was proportional to the mass change of adsorption (Am) in the electrode surface
of the QCM.

Prior to their fabrication, the materials were dispersed in a solution of 25% ethanol
and 75% ethanediol by ultrasonic agitation for 2 min. Subsequently, the suspension was
dropped onto the silver electrodes of the QCM resonators, which were marked 1-PANI-
CNC, 2-PANI-CNC, 3-PANI-CNC, 4-PANI-CNC sensors. Subsequently, the resonators
were dried at 50 °C in a vacuum drying oven for 20 min.

The prepared QCM sensors were tested in a laboratory-made sealed chamber with
different concentrations of volatile organic compounds (VOC) gas. The analyte VOCs
introduced by injection were steadily obtained with a dynamic gas-mixing apparatus.

Nitrogen was used as the carrier gas because there was little difference between the
oxygen and nitrogen in the air, and they did not have a special adsorption effect in this
experiment. However, the nitrogen test is generally capable of obtaining a more stable
baseline, so nitrogen was used in most of our tests [41]. At the start of the measurement,
a nitrogen stream was flowed into the chamber until a stable baseline was obtained for
the QCM sensors. Next, the analyte vapor was introduced by injection. After obtaining
a stable response from the analyte, the reference N, was re-introduced into the sampling
chamber to re-establish the baseline. All the detection experiments were performed in an
air-conditioned room at 25 °C.

3. Results and Discussion
3.1. Fabrication and Characterization of Array CNCs

The reducibility of Cu-based catalysts was analyzed by temperature-programmed
reduction (TPR), as shown in Figure 1. There was a strong peak at 245 °C which could
have resulted from the reduction of CuO [42]. Therefore, the Cu-based catalyst could have
reduced at 250 °C in the Hy / Ar atmosphere during the CNCs’ fabrication. The growth of
the CNCs could be attributed to the Cu® or the Cu*. The Cu™* could be attributed to the
active species for the growth of CNCs because the Cu* will have been further reduced to
Cu® by the hydrogen reduction resulting from the acetylene’s decomposition at the high
temperature [2].

The morphologies of the Cu-based catalysts after reduction at 250 °C were also char-
acterized by the SEM. As shown in Figure 2, the decorated Cu particles were deposited
uniformly on the graphene. The Cu nanoparticles were about 50 nm in diameter for the
Cu200 catalysts. Furthermore, the diameter of the Cu nanoparticles increased with the
increase of the ALD Cu cycles. After 200 cycles of ALD Cu, the Cu nanoparticles increased
in number instead of diameter. After further ALD Cu cycles, the diameter of the Cu
nanoparticles increased. Furthermore, the nanoparticles maintained their uniform disper-
sion after 400 ALD cycles. The Cu800 catalysts displayed a non-homogenous dispersion.
This could be attributed to the high content of the Cu catalysts and the agglomeration of
the Cu nanoparticles. The uniformly deposited Cu catalysts lead to the well dispersed
growth of the CNCs.
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Figure 1. TPR profile for the Cu200 catalyst.

Figure 2. The SEM images for different Cux catalysts after reduction.

The AFM was employed to further confirm the morphology of the Cu200 catalyst.
The bright spots in the images in Figure 3 were ascribed to the Cu nanoparticles. The
AFM results confirmed that the Cu nanoparticles (<80 nm) were uniformly deposited on
the graphene. This was consistent with the SEM results shown in Figure 2, and further
confirmed the uniform deposition of Cu nanoparticles.

The morphologies of CNCs were characterized by SEM, as shown in Figure 4. As
the ALD Cu cycles increased, the products of the fibers and the CNCs transformed into
purified CNCs, and then back into fibers and CNCs. The application of the Cul00 catalyst
lead to a mixture of long fibers and, soon afterwards y, CNCs, as revealed by the SEM
images (Figure 4a,c). For the Cu400 catalysts, there were long fibers and CNCs on the
graphene. By contrast, the highly pure CNCs were fabricated by Cu200 catalysts, as
straight fibers were rarely shown on the SEM images, as shown in Figure 4b,d. The CNCs
fabricated by Cu200 exhibited uniform coil diameters, demonstrating the uniformity of the
Cu200 catalyst and stable growth during the CVD. Most importantly of all, the highly pure
CNCs fabricated by Cu200 lead to a nearly upright array on the graphene instead of the
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array lying on the graphene, as shown by the fibers fabricated by Cul00 and Cu400, which
allowed the quick adsorption and desorption of the gas.

= 200 nm

Figure 4. SEM images for CNCs. (a,d) CNCs synthesized by Cul00, (b,e) CNCs synthesized by
Cu200, (c,f) CNCs synthesized by Cu 400.

The N, adsorption-desorption isotherms of the CNCs before carbonization, the CNCs,
and the 3-PANI-CNCs are shown in Figure 5. They exhibited typical type IV-shaped
isotherms for CNC-based samples, according to the International Union of Pure and Ap-
plied Chemistry IUPAC)’s classification. These were attributed to the physical adsorption
of N on the CNCs with nonporous nanotube walls. The Brunauer-Emmett-Teller (BET)
model was employed for the analysis of the surface areas. The BET surface areas were
calculated to be 104.8, 248.4 and 312.3 m?g ! for the CNCs before carbonization, the CNCs
and the 3-PANI-CNCs, respectively. After the decoration of the PANI, the BET surface area
of the 3-PANI-CNCs increased compared with that of the CNCs. This was attributed to the
mesoporous structure of the ultra-thin layer of the PANI.
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Figure 5. The BET surface of the different samples.

3.2. Confirmation of Surficial Decoration of PANI on Array CNCs

TEM was employed to further investigate the morphology of these CNCs and the
decoration of the PANI on the CNCs’ surfaces. As shown in Figure 6, the morphology of the
CNCs with a diameter of 50-80 nm was consistent with the SEM results. From the HRTEM
image, as shown in Figure 6b, there was no obvious lattice fringe. This could be attributed
to the low degree of crystallinity of the CNCs or the amorphous CNCs. As shown in
Figure 6¢, the HAADF-STEM and EDX (energy-dispersive X-ray spectroscopy, JEOL-2100F
microscope, JEOL, Tokyo, Japan) mapping were employed to confirm the decoration of the
PANI on the CNCs surface. It was clear that the distribution of the N element was uniform
on the surface of the CNCs, confirming the successful decoration of the PANI on the CNCs’
surfaces. The N maintained the morphology of the pristine CNCs. The pale distribution of
the N elements belonged to the ultra-thin layer of the PANI

Figure 6. (a) TEM for PANI-CNCs, (b) HRTEM images for PANI-CNCs, (c) HAADE-STEM and EDS
mapping for the PANI-CNCs.
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Further confirmation of the decoration of the PANI layer on the CNCs was obtained
through the performance of X-ray photoelectron spectra (XPS) to. As shown in Figure 7,
the XPS spectra revealed that there were N, C and O on the surface of the 3-PANI-CNCs.
The XPS results indicated the successful decoration of the PANI on the surface of the CNCs.
As shown in the surface elements analysis spectrum, there were three peaks for O1g, N1g
and Cy,. There was no Cu peak in the surface elements analysis spectrum, revealing the
successful coating of the PANI and the complete removal of the catalysts.

Intensity (a.u.)

N, — 0, 0,

S

Cis
N1s

Intensity (a.u.)
Intensity (a.u.)

410 405

395 390 545 540 535 530 525 1200 1000 800 600 400 200 0

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 7. XPS spectra for 3-PANI-CNCs. (a) Ny4 spectrum, (b) O;4 spectrum and (c) surface elements analysis spectrum.

The ATR-IR spectra for the bare CNCs and the 3-PANI-CNCs are shown in Figure 8.
There were no obvious peaks on the bare CNCs spectrum. There were peaks on the 3-
PANI-CNCs spectrum. The peaks at 1486, 1415, 1304, 1213, 1160 and 822 cm ! were the
characteristic peaks of the PANI. The peak centered at 1486 and 1411 cm ™! was attributed
to the stretching of the C=C group in the benzenoid or quinoid ring. The peaks located
at 1304 cm ! and 1213 cm ™! were attributed to the stretching of the C-N group on the
secondary aromatic amines [43]. The broad peak located at 1160 cm ™! was attributed to
the stretching of N=Q=N (where Q means the quinone-type rings), which is a characteristic
peak of the “electronic-like band”. The peak at 822 was attributed to the stretching of the
C-H in the benzenoid ring. The presence of the N=Q group and the C-N group offered
active sites for the adsorption of the formaldehyde because of the preferred adsorption of
R,CO and the Schiff-base reaction between the R,CO and the N=Q C-N groups [25,44].

80
- ﬁ < m o
= 60- T 8 &7
s ~J__1 T PANI-CNCs
= %
.9 1 1 | 1
1
8 40+ I : : :
£ T
w 1 1 | 1
c ! 1 o
© 20 - | I ol
=R ————_CNCs
L
0 |I | |I 1 i
1600 1400 1200 1000 800

Wavenumber (cm™)
Figure 8. ATR-IR spectra for the bare CNCs and the 3-PANI-CNCs.

Further confirmation of the crystal structure of the coating of the CNC and PANI-CNC
samples was obtained through XRD. As shown in Figure 9, there were two broad peaks in
the CNCs’ XRD curves, which was caused by the amorphous structure of the CNCs. The
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XRD results of the CNCs further verified the HRTEM results. For the 3-PANI-CNC, there
were new peaks located at about 12° and 25°, which were attributed to (001) and (002) of the
graphitized prism-shaped hollow carbon [43]. This confirmed that with the deposition of
PANI, the 3-PANI-CNCs’ surfaces increased as the new graphitized prism-shaped hollow
carbon emerged.

——CNC
—— 3-PANI-CNC

Intensity (a.u.)

20 40 60 80
2 theta

Figure 9. XRD Profiles for the CNC and 3-PANI-CNCs.

The ATR-IR further proved the deposition of the PANI on the CNCs, which was
consistent with the EDS mapping and XPS results. Furthermore, the functional group of
the C-N group confirmed by IR could be the active sites for the adsorption of the HCHO.
The XRD further confirmed the graphitized crystal of the PANL

3.3. Detection Performance of Array PANI-CNC-Based QCM Sensors

It is well known that there is a special interaction between the amino group and
the formaldehyde molecule. Therefore, the QCM sensors coated with polyaniline were
employed to investigate its response to formaldehyde.

From Figure 10a, it can be seen that the 3-PANI-CNC samples had a higher response
to the formaldehyde compared with the other three samples at the different concentrations.
The reason for this result is that, on the one hand, the amino loading on the surface
of the four carbon helical structures gradually increased, which was conducive to the
improvement of gas-sensing performance. On the other hand, the greater polyaniline
loading lead to a decrease in specific surface area and pore size, which is a critical factor
for gas response. Under the influence of these two aspects, the gas sensitivity of the
four samples finally showed a volcanic change. Comparing the samples of 1-PANI-CNC,
2-PANI-CNC and 4-PANI-CNC, it can be clearly seen that the response value of the 4-PANI-
CNC was greater than those of the 1-PANI-CNC and the 2-PANI-CNC due to the increase
in amino loading.

Figure 10b exhibits the response curve of the 3-PANI-CNC to formaldehyde at var-
ious concentrations. It is obvious that the frequency shift of the 3-PANI-CNC sample
changed more and more with the increase of the gas concentration form 0.5 ppm to 10 ppm.
When the gas concentration was 0.5 ppm, the response value was about 75 Hz, and the
signal-to-noise ratio was larger than 5 in this experiment; therefore, the logical limit of
detection (LOD) of the PANI-CNC-modified QCM sensor for HCHO was 260 ppb. This
was calculated by using the calibration curve (y = 57.897x + 24.489, R? = 0.99978) with
data from Figure 4b, through the equation: LOD = 30/S. The square of R represents the
correlation of the fitted straight line, and the value 0.9998 proves that the fitting of the
straight line was reliable. The error variance of the baseline was less than 5; here, we used
the maximum value of 5, so the logical limit of detection of this sensor can be inferred as
260 ppb. In addition, the response/recovery time of the QCM sensor was also satisfied.
Based on the results in Figure 10a, the response time was about 12 s and then reached an
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equilibrium state of adsorption and desorption. When the formaldehyde vapor was blown
away, the desorption of formaldehyde vapor was very quick and there was little drift in
the baseline during continuous testing.

50
Qx50 b
— 1
I 0
N0l o 2 - ~
2004 —u -
E - i -~ 5 -50 -
[ > o
o 150 - & -100
c P c
o i o
o P o -150
@ 100 . I | @
. -
® |« R
50 - _c-3=77
> 4= 250 10 ppm
E¥-
0 : , . . : 300 . . . : .
0 2 4 6 8 10 0 50 100 150 200 250 300
Concentration (ppm) Time (s)
c ® d
_— 04 _— 04
N N
L L 50
o -501 [
2 2 100
© 1001 ]
@ o 150
o o
0 150+ X 00
5 ppm 5 ppm 5 ppm
-200 4 PP -250 4
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (s) Time (s)

Figure 10. (a) The frequency responses of x-PANI-CNCS (x = 1, 2, 3 and 4) with 0.5-10 ppm formalde-
hyde gas, (b) response of the PANI-CNC-based QCM sensors to HCHO at different concentrations
in the range of 0.5-10 ppm, (c) cycling stability of PANI-CNC-based QCM to 5 ppm HCHO vapor,
(d) dynamic responses of PANI-CNC-based QCM to 1-10 ppm HCHO vapor.

Another key factor is the repeatability of the QCM sensor. As shown in Figure 10c, the
sensor was tested three times for its ability to detect 5 ppm formaldehyde. The differences
between the response values across the three tests was less than 5 Hz, which reflected the
good repeatability of the sensor.

Figure 10d is a successive response curve of the 3-PANI-CNC samples to 1-10 ppm
formaldehyde. With the continuous increase of the gas concentration, the response value
also gradually increased, however, the frequency shift caused by the increase of the same
concentration (2 ppm) became smaller and smaller. This result meant that the sensitivity of
the material decreased as the amount of adsorption increased. This was consistent with
the Langmuir sorption theory. The results could be attributed to the decrease of the PANI
surficial active sites. Furthermore, the 3-PANI-CNC showed a high level of long-term
stability: after three months of testing, the error range did not exceed 8 Hz, as shown in
Figure S1.

Compared with previous research into formaldehyde gas sensors (Table 1), this QCM
sensor not only showed a satisfactory response and recovery speed, but also high sensitivity.
The high detection performance of the PANI-CNCs was attributed to the array CNC, which
was beneficial for the diffusion and the ultra-thin decoration of the PANI offering the active
sites. Considering the sensitivity and stability of the HCHO sensor, it is more reliable to
use this sensor when the sensitivity requirement is not particularly high.
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Table 1. Room-temperature detection properties of various sensing materials based on QCM.

Material Target Gas ReIc{(f:}e)fyn;ine ];“ei::itﬁ?)fn Reference
PAN-PVA HCHO 120 s/Not given 0.5 ppm [45]
Pristine PANI HCHO Not given 12.87 ppm [27]
PLY-PANI HCHO Not given 1.11 ppm [27]
LYS-PANI HCHO Not given 0.4 ppm [27]
A polyaniline/silver HCHO Not given 1.24 ppm [46]
PANI/Fluoral-P HCHO 42 s/Not given 3.7 ppm [47]
PVAm HCHO 120 s/Not given 0.5 ppm [45]
Graphene oxide HCHO Not given 0.06 ppm [18]
PANI-Cd?* HCHO 25s/30s Not given [48]
PAAM/MWCNTs HCHO 805s/100s 0.5 ppm [49]
MIL-101(Cr) HCHO 24s/75s 1.79 ppm [50]

PANI-CNC HCHO 12s/14s 260 ppb This work

It is known that the enthalpy of adsorption (AH) is a key parameter in adsorption-
induced mass-type detection; according to classical physical-chemical adsorption theories,
weak reversible physical adsorption without selectivity occurs when the AH value is greater
than —40 kJ/mol but less than 0 k] /mol. Irreversible chemistry reactions occur when the
value of AH is less than —80 kJ/mol [51]. If selectivity and reversibility are considered
carefully, reversible chemical adsorption is ideal for meeting the needs of the gas sensor
when the value of AH is in the range of —80 kJ/mol to —40 kJ/mol. Therefore, we
used a temperature-varying micro-gravimetric method to extract the AH. Combined with
Figure 10b,d, two adsorption isotherms were fitted; they are shown in Figure 11a. The AH
was calculated to be —64.76 k] /mol, according to the Clausius—Clapeyron equation. The
moderate AH indicated a reversible Schiff base addition reaction and an -NH, functional
group of PANL

Besides sensitivity, response/recovery time, and repeatability, selectivity for target
molecules (i.e., cross-sensitivity) is also a critical parameter of sensors. Herein, seven
different gases were used to evaluate the selectivity of the HCHO sensor. As shown in
Figure 11b, the 3-PANI-CNC sensor displayed the highest response to the HCHO, of up to
140 Hz@3 ppm; with the responses of the other interfering gases were all lower than 70 Hz
at the same concentration. The negligible interfering signals of these other gases may be
ascribed to the inevitable physical /nonspecific adsorption.
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Figure 11. (a) Based on the experimental results in Figure 10a,c, two isotherms were plotted to
calculate the adsorption heat (AH), (b) response of PANI-CNC-based QCM to different vapors in
3 ppm (25 °C).
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3.4. Discussion

Based on the results, the successful decoration of the ultra-thin PANI layer was
confirmed. The PANI-CNC sensors’ sensitivity to formaldehyde increased at first and then
decreased along with the increasing of the PANI layer. The reason for the increase in the
sensor’s performance was attributed to the gradually increase of the amino loading on the
surface of the four carbon helical structures, which was conducive to the improvement of
the gas sensor’s performance. The reason for this increase in detection performance was a
decrease in the specific surface area and pore size, which is a critical factor for gas response,
along with a further increase in polyaniline loading.

The high response/recovery performance was attributed to the fact that the formalde-
hyde molecules quickly diffused in the array PANI-CNCs. Moreover, the helical PANI-
CNCs reinforced the Knudsen diffusion, which increased the probability between the
formaldehyde molecules and the PANI layer, which in turn lead to the high response and
low detection limits. As shown in Figure 12, the -NH- group and the -NH, group acted
as active sites in the Schiff-base reaction and caused the formaldehyde molecules to be
absorbed on the surface of the PANI-CNCs. Both the quick diffusion of the formaldehyde
molecules between the array PANI-CNCs and the Schiff-base reaction between the -NHx
(-NH- and -NHy;) and the formaldehyde molecules lead to a good detection performance.

Figure 12. The mechanism of the 3-PANI-CNCs.

4. Conclusions

In summary, we fabricated highly purified array CNCs through the optimization of
ALD Cu-based catalysts. The ultra-thin PANI layer was decorated on the surfaces of the
CNCs through electrodeposition. The element mapping, XPS, ATR-IR and XRD results
confirmed the successful decoration of the ultra-thin layer of the PANI on the CNCs. The
array PANI-CNC showed a high HCHO detection performance. The detection limit of the
sensor for formaldehyde was lower than 500 ppb. The thermodynamic experiments indi-
cated that CNCs-PANI material is suitable for formaldehyde detection due to the moderate
value of adsorption AH (—64.76 k] /mol). The good detection performance was attributed
to the reversible Schiff base reaction between the -NH- group and the HCHO. The high
response/recovery performance was due to the array-distributed CNC. This study offers a
novel direction for the design and application of CNCs in gas detection, which demonstrate
good selectivity, sensitivity and repeatability with formaldehyde. Furthermore, the surficial
decoration of ultra-thin PANI on nanomaterial also offers a novel strategy for the functional
decoration of materials in order to increase the adsorption of target gas.
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