
Page 1/20

Flexible All-biomass Gas Sensor based on Doped
Carbon Quantum Dots/nonwoven Cotton with
Discriminative Function
zhaofeng wu  (  wuzf@xju.edu.cn )

Xinjiang University https://orcid.org/0000-0002-1470-5648
Min Zhang 

Xinjiang University
Shuai Cao 

Xinjiang University
Long Wang 

Xinjiang University
Zhangjie Qin 

Xinjiang University
Furu Zhong 

Zunyi Normal College
Haiming Duan 

Xinjiang University

Research Article

Keywords: Cotton �ber, Carbon quantum dot, Expired milk, Flexible gas sensor, Discriminative detection

Posted Date: August 24th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-753011/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-753011/v1
mailto:wuzf@xju.edu.cn
https://orcid.org/0000-0002-1470-5648
https://doi.org/10.21203/rs.3.rs-753011/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/20

Abstract
Carbon quantum dots (CQDs) co-doped with N, P and S derived from expired milk was prepared by a
simple hydrothermal method. Through the hydrogen bond interaction between CQDs and cellulose of
pure cotton face towel (PCFT), CQDs were uniformly anchored on the cotton �bers to form a �exible all-
biomass CQDs/PCFT sensor for the �rst time. Due to the heteroatom doping, extremely small particle size
of CQDs and excellent permeability of CQDs/PCFT �lm, the �exible CQDs/PCFT sensor showed the high
sensitivity and bending stability. In the range of 0 ~ 60o bending states, the responses of �exible
CQDs/PCFT sensor to four target analytes changed by less 5%. Interestingly, due to the abundant
functional groups and defects of CQDs, the �exible CQDs/PCFT sensor displayed sensing curves of
different shapes for different target analytes. In this way, by establishing a database of sensing curves of
target analytes, multiple analytes can be detected discriminatively by relying only on single sensor with
the help of image recognition. In addition, the binary parameter method of response and response time
was created, which also showed that a single sensor could achieve the discriminative detection. This
work expanded the application of biomass CQDs and cellulose, and made a useful exploration for
environment friendly �exible gas sensor.

Introduction
In recent years, with the gradual increase of people's attention to health, safety and environmental
protection, �exible gas sensors have received more attention (Liu et al. 2014; Gao et al. 2016; Falco et al.
2018). Generally, the gas sensor with the higher sensitivity and faster response/recovery speed was
expected (Franke et al. 2006). According to the classical theory, the smaller the particle size of sensing
materials, the higher the sensitivity (Schierbaum et al. 1991; Göpel 1995; Franke et al. 2006). In principle,
a reduction in the particle size of the sensing material at the nanoscale would signi�cantly increase the
number of structural and electronic defects of the sensing materials (Franke et al. 2006; Liu et al. 2014).
In the sensing process, these defects act as adsorption sites and reactive sites to enhance the sensing
performance of the sensing materials (Liu et al. 2014; Wu et al. 2016). Therefore, the high sensitivity has
been expected for the sensing materials with small particle size.

Quantum dots (QDs) are an important low-dimensional semiconductor material with diameters ranging
from 2 to 20 nm (Alivisatos 1996; Klimov et al. 2000). It can be seen that QD materials are very suitable
for gas sensors due to the very small particle size and very high speci�c surface area. Common QDs,
such as CdS, CdSe, CdTe, ZnSe, PbS and PbSe, are often used in the �elds of �uorescence sensing (Wang
et al. 2012; Kini et al. 2018; Ren et al. 2018), imaging (Hao et al. 1999; Silva et al. 2016) and solar cells
(Fuke et al. 2010; Baines et al. 2018) because of their unique optical properties. However, these QD
materials often contain toxic elements (Cd, Pb), thus their large-scale applications would raise some
potential environmental concerns. In addition, some QDs (XSe, XTe QDs, X = Cd, Zn, Pb) are less
chemically stable and easily oxidized, which are not suitable for prolonged exposure to the air. Therefore,
considering the environmental protection and chemical stability, the traditional QD materials are not
suitable for gas sensors. Recently, biomass carbon quantum dots (CQDs) have attracted more and more
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attentions due to the advantages of abundant raw materials, simple preparation, low cost and non-toxic.
Because of the excellent optical properties and high chemical stability, biomass CQDs are used in
bioimaging (Wang et al. 2016; Hu et al. 2017; Meena et al. 2019), biosensing (Wang et al. 2016; Abbas et
al. 2018; Ding et al. 2018; Qi et al. 2019), solar cells (Briscoe et al. 2015; Liu et al. 2019) and
photocatalysis (Fernando et al. 2015; Das et al. 2019). However, the application of biomass CQDs in the
�eld of chemiresistive gas sensor has not been reported. In addition, it is well known that atomic doping
is a common and effective method to improve the gas sensitive properties of sensing materials (Franke
et al. 2006; Wu et al. 2016). Because biomass material itself contains a variety of elements, it is
convenient to prepare heteroatomic doped CQDs. Heteroatom doping of CQDs provides more active sites
to broaden their potential applications in the analysis and sensing (Hu et al. 2017; Qi et al. 2019).

However, CQDs are easy to agglomerate due to their small particle size and high surface energy, which is
not conducive to play its advantage of large surface area to improve the gas sensing performance (Deng
et al.2013). Currently, plastic and rubber were often used as the �exible sensing substrates of gas sensors
to support sensing materials (Bai et al. 2015; Wang et al. 2017; Zhang et al. 2020). Unfortunately, plastic
and rubber displayed poor gas permeability, which prevented the effective contact between the sensing
material and the target gas, and limited the gas sensing performance (Liu et al. 2014; Zhang et al. 2020).
What’s more, plastic and rubber can hardly degrade, or take hundreds of years to degrade (Robinson
2009; Wang et al. 2017). In sharp contrast, the average service life of electronic devices, such as gas
sensors and �exible displays, is only about 18 months (Robinson 2009; Wang et al. 2017). As a result, a
large amount of solid waste is produced by the failure of gas sensors, which brings potential harm to the
environment. As far as sensing substrates are concerned, biomass materials also show the incomparable
advantages over rubber and plastics. For example, cotton fabric, cotton-based nonwovens and �lter paper
are increasingly used as �exible sensing substrates because of its renewable, degradable properties, low
price, good �exibility and high gas permeability (Liu et al. 2014; Zhang et al. 2020). These biomass-�ber
structures not only endow the gas sensor with good �exibility, but also improve the gas permeability of
the sensing substrate, enhancing the gas sensing performance (Liu et al. 2014; Zhang et al. 2020). What's
more, these renewable and degradable biomass �bers do not need to consume any petrochemical raw
materials, which is be bene�cial to environmental protection and sustainable development.

In this work, in order to realize the resource utilization of waste, CQDs co-doped with N, P and S derived
from expired milk was prepared by a simple hydrothermal method. Pure cotton face towel (PCFT), as a
sensing substrate, was soaked in the biomass CQDs ink and dried to make a CQDs/PCFT �lm by means
of hydrogen bond interaction between CQDs and cellulose of PCFT. The CQDs/PCFT �lm was used as an
all-biomass �exible gas sensor for the �rst time, showing high sensitivity and bending stability. More
importantly, due to the abundant functional groups and atomic doping of CQDs, the �exible gas sensor
has displayed sensing curves of different shapes for different target analytes, which lays a foundation
for the discriminative detection of multiple analytes by relying only on single sensor and image
recognition.
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Experimental

Materials
Ethanol (C2H6O), formaldehyde (CH2O), acetone (C3H6O), ammonia (NH3) was purchased from
Sinopharm Chemical Reagent Co., Ltd., Beijing, China. Pure cotton face towel (PCFT) is purchased from
Karedelle (Shenzhen, China) Technology Development Co. Ltd. The milk was purchased from Henan
Shanjianke (Luohe, China) Agriculture Co., Ltd.

Preparation of CQD ink and �exible CQD/PCFT sensor
First, 35 mL of expired milk was measured and put into a 50 mL PTFE reactor, then sealed and placed in
a 180 ℃ oven for 8 h. Secondly, when the temperature of the reactor dropped to room temperature, the
liquid in the reactor was centrifuged at 8000 RPM for 10 min, and the yellow supernatant was retained,
which was known as the CQD ink. Thirdly, the PCFT �lm was cut into 5×30 mm2 strips. The strips were
immersed in CQD ink for 3 min and then taken out to dry at room temperature, forming the CQD/PCFT
�lm. At last, the CQD/PCFT �lm was then cut into 2×13 mm2 strips to test its gas-sensitive performance
as a �exible gas sensor.

Gas sensitive test of �exible CQD/PCFT sensor
The testing process of gas sensors for various target atmospheres was similar to the previous reports
(Zhang, Wu et al. 2020). The gas sensing performances of �exible CQD/PCFT sensor were tested by the
CGS-MT Multi-functional Probe Station at room temperature (25 ± 1 ℃). During the gas sensitive test, a
voltage of 4 V was applied to both ends of �exible CQD/PCFT �lm and the relative humidity (RH) of the
test room was controlled to be 35 ± 2% through the air conditioning system. The response of electric
current is de�ned as, Response = IG/IA, where IA and IG are the electric current of the sensor in air and in
target gas, respectively. The response time and the recovery time is de�ned as same as earlier reports
(Zhang et al. 2020).

Characterization
The morphology of samples was characterized by �eld emission scanning electron microscopy (FE-SEM,
S-4800, Hitachi, Japan) equipped with an energy-dispersive X-ray spectrometer (EDX), transmission
electron microscope (JEOL JEM-2100 F) and optical microscope (BX53M, Olympus). The structure of
samples was characterized by X-ray diffraction (XRD, Bruker D8 Advance, with Cu-Kα radiation), Raman
spectra (SENTERRA Compact Raman Microscope), and Fourier Transform Infrared (FT-IR, Bruker
VERTEX70, Germany). Fluorescence spectra and UV-Vis absorbance spectra were acquired a Hitachi
F4600 spectrometer (Hitachi, Tokyo Japan) and UV-3900H spectrometer (Hitachi, Japan).

Results And Discussion
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The UV-Vis absorption spectrum in Fig. 1a shows the CQDs has an absorption peak at 284 nm, resulting
from the π-π* transition of C = C (Pan et al. 2010). As shown by the inset in Fig. 1a, the CQDs ink is brown-
yellow and the CQDs ink glows green irradiated with 365 nm of light. As shown in Fig. 1b, the excitation
spectrum of CQDs ink was measured at an emission wavelength of 400 nm, which showed that the CQDs
ink had the highest absorption at about 450 nm. The �uorescence (FL) emission spectra of the CQDs ink
excited at 390, 410, 420, 430, 440, 450 and 460 nm. These FL emission spectra showed an increase in
intensity and a red shift in the wavelength of peak emission. When the wavelength of the excited light
reached 450 nm, the emission intensity of CQDs ink reached the maximum. These excitation-dependent
behaviors could be attributed to the optical selection of different-sized nanoparticles or different surface
emissive traps (Liang et al. 2016). The TEM image shows that CQDs has good dispersion and uniformity
(Fig. 1c). The HRTEM image shows the relatively clear lattice fringes (Fig. 1d) and the lattice spacing of
0.3 nm (the insert in Fig. 1d), which is consistent with the (002) diffraction facets of graphite diffraction
(Dong et al. 2013). By randomly calculating 50 particles, the particle size distribution is obtained. The
calculation results show that the particle size distribution of CQDs was in the range of 2 ~ 6 nm, of which
3.5 nm CQDs accounted for the highest proportion (Fig. 1e). The FT-IR spectrum shows the CQDs has rich
functional groups (Fig. 1f). The peak appearing at around 3316 cm− 1 corresponds to the OH/NH bond,
and the peaks at 1668 and 1745 cm− 1 are attributed to the stretching vibration of C = O in aromatic
aldehydes (Hu et al. 2017). The peak at 1158 cm− 1 corresponds to the C = N, C = S and C = O bonds (Hu et
al. 2017) and the peaks at 2925 and 2854 cm− 1 correspond to stretching vibration of CH/CH2. The peak

at 1460 cm− 1 corresponds to the bending vibration peak of CH/NH. The peak at 776 and 702 cm− 1

correspond to the CH bending vibration of the benzene ring. The abundant functional groups of CQDs
can improve the interaction between CQDs and various target gases. The main component of cotton �ber
is cellulose, containing a large number of hydroxyl groups (Zhang et al. 2020). At the same time, the N, O
and S contained in the CQDs form hydrogen bond with the H atom in hydroxyl groups of cellulose, which
is convenient for the CQDs to adsorb on cotton �ber, forming the stable CQD/PCFT �lm.

As shown in Fig. 2a-d, the cotton �bers of PCFT �lm were in the state of nonspinning, namely the state of
disorderly, which increased its speci�c surface area and gas permeability. After further magni�cation (Fig.
2c-d), the diameter of the cotton �bers was about a dozen microns. The optical images of PCFT �lm were
white, while the CQD/PCFT �lm was yellow, indicating that the CQDs uniformly adhered to the cotton
�bers. As shown by SEM images in Fig. 2e, f, it can be clearly seen that the surfaces of cotton �bers in
PCFT and CQD/PCFT �lm were wrinkled. However, no CQDs were found on the cotton �bers of
CQD/PCFT �lm, possibly because the particle size of the CQDs was too small to be easily observed.

As shown in Fig. 3a-f, the element distribution showed that pure cotton �ber of PCFT contained only C
and O, but no N, P and S. The results of element analysis were consistent with the fact that cotton �ber
was mainly composed of cellulose (Jonoobi et al. 2015; Zhang et al. 2020). It is well known that milk
contains proteins, which contain N, P and S, so the CQD derived from milk also contain N, P and S. As
shown in Fig. 3g-l, there are not only C and O elements, but also N, P and S elements on the surface of
cotton �ber soaked by CQDs ink, and these elements are evenly distributed on the CQD/PCFT �bers,
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indicating that CQDs are uniformly adsorbed on the surface of cotton �bers through hydrogen bond
between CQDs and cellulose (Fig. 3m). This is consistent with the results of optical microscopy (Fig. 2c,
d) and FT-IR spectra of CQDs (Fig. 1f). The small size of CQDs, the excellent �exibility of cotton �bers and
the uniform adsorption of CQDs lay the foundation for the �exible gas sensor. At the same time, the
doping of a variety of heterogeneous atoms will have a signi�cant effect on the gas sensitive properties.

According to the XRD data in Fig. 4a, the pure PCFT exhibited a strong peak at 23.1o and two weak peaks
at 15.1o and 16.5o, respectively. This is consistent with the reported structure of pure cotton (Zhang et al.
2020). Compared with the PCFT �lm, the structure of the CQD/PCFT �lm did not change signi�cantly.
This might be because the crystallinity of the micron-scale cotton �ber was good, while the crystallinity of
the nanoscale CQDs was poor, and only a very thin layer of CQDs was on the cotton �ber, so the
characteristic peak of the CQDs was not seen. However, compared with the PCFT �lm, the Raman spectra
and UV-Vis spectra of the CQD/PCFT �lm changed obviously (Fig. 4b, c). Compared with the PCFT �lm,
there were two weak characteristic peaks (G band at 1580 cm− 1 and D band at 1375 cm− 1 in Fig. 4b) of
carbon materials on Raman spectra of CQD/PCFT �lm (Cao et al. 2021). As shown in Fig. 4c, the light
absorption of CQD/PCFT �lm in the UV region was signi�cantly enhanced, which indicated that the
CQD/PCFT �lm had the potential of making UV shielding clothing. As can be seen from the inserts of Fig.
4c, the PCFT �lm was white, while the CQD/PCFT �lm was pale yellow, which was consistent with the
light microscope observation (Fig. 2a-d). These results proved that a thin layer of CQDs was uniformly
coated on the cotton �bers, forming the CQD/PCFT composite �lm.

To evaluate the gas-sensitive performance of the �exible CQD/PCFT sensor, six target gases were tested.
As shown in Fig. 5, without bending, the �exible CQD/PCFT sensor showed the excellent sensing
capability for the 85% RH, NH3, H2O2 and CH2O vapor, and extremely low sensitivity for C2H6O and C3H6O
vapor. Interestingly, the shapes of the sensing curves of the CQD/PCFT sensors to the 85% RH, NH3, H2O2

and CH2O were different, which might be able to realize the discriminative detection. This may be related
to the fact that the rich functional groups in CQDs, like the various components in an army knife, allow
CQDs to react speci�cally with a variety of target gases and produce sensing curves of different shapes.
Previous discriminative detection often relied on a sensor array or electronic nose containing multiple
sensors, and then through data processing such as principal component analysis and radar map analysis
could be realized (Sun et al. 2019). Nowadays, with the development of big data and image recognition
technology, the discriminative detection of target vapor can be realized through single sensor producing
different sensing images corresponding to different target vapors.

As shown in Fig. 6, the bending stability of the �exible CQD/PCFT sensor was also tested. The bending
angle indicated in the bending test was shown by the insert in Fig. 6a. When the bending angle was 90o, it
corresponded to the folded state of the �exible sensor. As shown by Fig. 6a, the current of the �exible
sensor was about 18 nA, and there was no signi�cant �uctuation with the increase of bending angles. It
can be clearly seen from Fig. 6b-e, at bending angles of 0°, 30° and 60°, the sensing curves of 85% RH,
NH3, H2O2 and CH2O did not change signi�cantly, showing good bending stability. As can be seen from
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the statistical data in Fig. 6f, g, under the three bending states, the responses of the four target analytes
changed by less 5%, and the response time changed by less than 20%, also showing good bending
stability. At the same time, the �exible CQD/PCFT sensor also demonstrated rapid recovery ability, and
the recovery times were less than 2 s for all four analytes.

Discriminative detection has always been a bottleneck for gas sensor and sensor arrays and electronic
noses have been used to break through this bottleneck (Gao et al. 2016; Wu et al. 2016). However, sensor
arrays required higher cost and power consumption, because of the built-in multiple sensors. Therefore,
the average response and response time of each analyte under three bending angles (Fig. 6h) are used as
a binary parameter (Response time, Response) to evaluate the identi�cation capability of the �exible
CQD/PCFT sensor. As shown in Fig. 6h, except for the 85% RH and CH2O, the binary parameters of other
analytes are very different. This means that with the help of binary parameters (Response time,
Response), a single sensor also shows some identi�cation capability, but it still needs to be improved. It
is worth noting that the �exible CQD/PCFT sensor maintains a high resolution of the shapes of the
sensing curves for the four analytes despite the bending states. Additionally, the technologies of image
recognition and cloud storage have developed rapidly in recent years. Therefore, we assume that the
sensing curves from the �exible CQD/PCFT sensor are stored as a graph in the cloud database to form a
database of sensing graphs (Fig. 6i). Then, with the aid of image recognition technology, the sensing
graph of the unknown vapor is compared with the cloud database, and �nally the unknown gas could be
identi�ed (Fig. 6i). In this way, it is possible to identify and detect a variety of analytes with single sensor
and image recognition technology.

The classical theory holds that the sensitivity of the chemiresistive gas sensor is related to the particle
size (D) of the sensing material and the charge depletion layer depth (L) (Schierbaum et al. 1991; Göpel
1995; Franke et al. 2006). As shown by Fig. 7a, c, the charge depletion layer was formed because oxygen
molecules attached to the sensing particle took electrons from the sensing particle, forming oxygen
anions (O2−, O− or O2

−) (Schierbaum et al. 1991; Göpel 1995; Franke et al. 2006). Figure 7a, c show that
small sensing particles formed a deeper charge depletion layer (L) in the air than large sensing particles,
which also generated a higher surface potential barrier (eVsurface) in the small sensing particles. Take
CH2O vapor for example, during the sensing process, when the CH2O molecules were attached to the
surfaces of CQDs, the following reaction occurred at room temperature:

CH2O (g) + O2
- (s) → CO2 + H2O + e-   (1)

When the CH2O molecule adsorbed on the sensing particle, it released electrons to the N-type sensing
material, which made the charge depletion layer thin (Fig. 7b, d). However, for small sensing particles, the
change of charge depletion layer was more signi�cant than that for large sensing particles (Schierbaum
et al. 1991; Göpel 1995; Franke et al. 2006). Accordingly, the change of the surface barrier (ΔeVsurface) of
the small sensing particle was much more obvious than that of the large sensing particle. It has been
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reported that the conductance G of the sensing material is exponentially proportional to the effective
barrier height (Franke et al. 2006; Li et al. 2015; Zhang et al. 2018).

G ≈ exp (-eVsurface/kT)   (2)
Where eVsurface is the effective potential barrier, k is Boltzmann’s constant and T is absolute temperature.
It can be seen that a small change in the effective barrier will cause a signi�cant change in the
conductance G of sensor. The conductance of the sensing material in the air and the target vapor
corresponds to IA and IG, respectively. According to the de�nition of Response (Response = IG/IA), small
sensing particles will be more sensitive to target vapor than large sensing particles (Schierbaum et al.
1991; Göpel 1995; Franke et al. 2006).

In the case of CQDs/PCFT �lm, the excellent gas sensing performance should be attributed to the
synergistic effect between CQDs and f PCFT �lm (Fig. 7e). First, the particle size of CQDs was very small,
basically less than 10 nm. Second, the CQDs had a highly defective graphene structure, especially those
with heteroatomic doping (Wang et al. 2016; Hu et al. 2017; Qi et al. 2019). Due to the doping of N, P, S,
and the rich functional groups, CQDs had more adsorption and reaction sites (Hu et al. 2017; Qi et al.
2019), which was bene�cial to increase the charge depletion layer depth L (Fig. 7e). Third, the particle
size of nanoparticles was small, their surface energy was high, and nanoparticles tended to stick together
to reduce surface energy (Alivisatos 1996; Klimov et al. 2000). As a result, the advantage of large speci�c
surface area of nanoparticles was not exploited. The CQDs were attached to the cotton �bers of the
CQDs/PCFT �lm, which avoided agglomeration of CQDs and allowed the CQDs to take advantage of the
large speci�c surface area and the rich functional groups. Fourth, the CQDs/PCFT �lm with the high
permeability facilitated the adsorption and desorption of gas molecules, which was also very important
to improve the performance of the gas sensor (Liu et al. 2014; Zhang et al. 2020). The above aspects
contributed together to the excellent gas sensing performance of CQDs/PCFT �lm.

Conclusions
CQDs co-doped with N, P and S derived from expired milk was prepared by a simple one-step
hydrothermal method. PCFT as the sensing substrate was soaked in the CQDs ink and dried to make a
�exible all-biomass CQDs/PCFT sensor by means of hydrogen bond interaction between CQDs and
cellulose of PCFT for the �rst time. Due to the doping of N, P and S, high speci�c surface area, extremely
small particle size, uniform dispersion of CQDs and excellent permeability of the CQDs/PCFT, the �exible
CQDs/PCFT sensor showed the high sensitivity and bending stability in the range of 0 ~ 60o. Importantly,
the �exible sensor has displayed sensing curves of different shapes for different target analytes, which
lays a foundation for the discriminative detection of multiple analytes by relying only on single sensor
and image recognition. In addition, the binary parameter method of response and response was created,
which also showed that a single sensor could show good capability of discriminative detection. This
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work expanded the application of biomass CQDs and cellulose, and made a useful exploration for
environment friendly �exible gas sensor.
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Figures

Figure 1

(a) UV-Vis absorption spectrum (inset: photograph of CQDs ink), (b) excitation spectra and excitation-
independent emission spectra, (c, d) TEM and HRTEM image, (e) the size distribution and (f) FT-IR spectra
of CQDs.
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Figure 2

Light microscope images (a, b) PCFT �lm, (c, d) CQD/PCFT �lm; SEM images (e) PCFT �ber, (f)
CQD/PCFT �ber.
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Figure 3

(a) SEM image of PCFT �bers, (b-f) Element mapping of PCFT, (g) SEM image of CQD/PCFT �bers, (h-l)
Element mapping of CQD/PCFT, (m) Schematic diagram of CQDs adsorbed on cotton �ber through
hydrogen bond interaction between CQDs and cellulose.
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Figure 4

(a) XRD patterns, (b) Raman spectra and (c) UV-Vis spectra (inset: photograph of PCFT and CQD/PCFT).
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Figure 5

Sensing curves of �exible CQD/PCFT sensor without bending to (a) 85% RH, (b) 1000 ppm of NH3, (c)
1000 ppm of H2O2, (d) 1000 ppm of CH2O, (e) 1000 ppm of C2H6O, (f) 1000 ppm of C3H6O.
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Figure 6

Bending stability of �exible CQD/PCFT sensor to (a) current changes of �exible CQD/PCFT sensor with
the bending angle (insert: schematic diagram of bending test), (b) 85% RH, (c) 1000 ppm of NH3, (d)
1000 ppm of H2O2, (e) 1000 ppm of CH2O; (f) Response, (g) Response time, (h) Binary parameters
(response time, response), (i) Schematic diagram of discriminative detection for single sensor.
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Figure 7

Structural and band model showing the role of contact regions between two adjacent sensing particles in
determining the conductance over an N-type semiconductor: (a) initial state and (b) effect of CH2O on L
and eVsurface for large sensing particles, (c) initial state and (d) effect of CH2O on L and eVsurface for
small sensing particles, (e) schematic diagram of progressively enlarged CQDs/PCFT �lm.
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Figure 8

Schematic1. Schematic diagram of �exible CQD/PCFT �lm.


