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Abstract 
The preparation of carbon dots from jackfruit seeds through a pyrolysis method at 280℃ and their 

use for the detection of formaldehyde were reported. The as-prepared carbon dots showed a high 
fluorescence efficiency with a quantum yield of 12.7% and excellent photostability and dispersibility 
in aqueous solution with a zeta potential of ‒62.5 mV. The integration of carbon dot thin film and 
a home-made optical electronic nose system possessed sensitivity towards formaldehyde vapor with 
a detection limit of 24.7%v/v across a linear range of 25%v/v to 100%v/v. Furthermore, the sensor 
showed the highest sensitivity towards formaldehyde against other volatile organic compounds through 
a strong interaction between the carbonyl groups and the carbon dots. Additionally, principal component 
analysis (PCA) was conducted to achieve quantitative measurements of formaldehyde content in different 
formaldehyde volume ratios with substantial variance. Due to the significance of methanol as a typical 
chemical precursor for the industrial manufacturing of formaldehyde, the quantitative analytical method 
is essential to determining formaldehyde or methanol concentration. The sensing ability of carbon dot 
film-integrated electronic nose towards formaldehyde in formaldehyde/methanol mixtures was measured 
to be 10.74%v/v in a linear range of 25%v/v to 100%v/v. The PCA showed orderly linear combinations 
of the data set, which can be potentially utilized to analyze formaldehyde and methanol content in 
industrial processes. The results indicate the significant potential of carbon dots and optical electronic nose 
system as an effective formaldehyde sensing platform. Potential applications include the quantification 
of formaldehyde from methanol conversion and determination of methanol contaminant in formaldehyde. 

1. Introduction 
 

Formaldehyde (CH2O), also known as methanal, is the smallest 
aldehyde compound and an important precursor or building block 
for various chemicals and a wide range of products. Formaldehyde and 
formaldehyde-based chemicals have also been used as components, 
adhesives, preservatives, and antibacterial agents in various household 
products, such as detergents, softeners, glues, paints, and carpet 
cleaners. In addition, formaldehyde-based resin materials offer 

insulating properties for flooring, furniture, wooden products, medium-
density fiberboard, particleboard, wood cabinetry, and plywood [1]. 
Manufacturing of products involving formaldehyde as a reactant is 
the cause of formaldehyde releasing into indoor air due to its high 
volatility [2]. Formaldehyde can be naturally generated in bacteria, 
plants, and humans as a part of cellular metabolism [3]. Formaldehyde 
release through biogenic reactions and biomass burning, such as 
bushfires and forest [4], has been reported as an environmental 
contribution of increasing formaldehyde concentration. 
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The International Agency for Research on Cancer (IARC) under 
the WHO classified formaldehyde as a human carcinogen (Group 1).  
Several reviews reported that an formaldehyde exposure level between 
0.15 mg∙m‒3 to 1.25 mg∙m‒3 can cause sensorial irritation [5-7]. 
The lowest concentration of formaldehyde to cause eye irritation is 
0.38 mg∙m‒3 after 4 h exposure, thereby, increasing eyeblink frequencies 
and conjunctival redness appearance. Moreover, formaldehyde intake 
over 1.25 mg∙m‒3 can lead to the risk of nasopharyngeal cancer and 
possibly death at an exposure over 5 mg∙m‒3. Due to the hazard of 
formaldehyde, analytical techniques are urgently needed to measure 
the amount of formaldehyde released for the assessment of human 
health effects. 

In general, there are several analytical methods that can be used 
to measure formaldehyde quantities. For example, Fourier transform 
infrared spectroscopy (FT-IR), tunable diode laser spectroscopy (TDLS), 
and matrix isolation infrared have been reported as formaldehyde 
analytical techniques that showed the detection limit in the range of 
0.03 ppb to 6.0 ppb [8]. Photoacoustic spectroscopy (PAS) can also be 
employed to measure indoor formaldehyde levels, reflecting good 
detection limits despite the presence of other pollutants in the air [9]. 
Derivatization is another analytical method that has been associated 
with chromatographic or spectroscopic techniques for analyzing the 
quantity of emitted formaldehyde. These techniques are highly suited 
to the determination of formaldehyde for indoor applications or 
formaldehyde batch samplings. However, the non-specificity of these 
techniques without applied chromatographic separation, inadequate 
sensitivity due to reactivity between most reagents and carbonyl 
compounds, and required toxic reagents are problems that have been 
commonly found in derivatization methods [10-12]. Sensors have 
become fascinating tools, providing simple and fast techniques for 
formaldehyde detection and evaluation. For example, gold-doped 
metal oxide mixtures [13] and palladium-doped tin oxide on a silicon 
substrate [14] have been utilized as micro-formaldehyde gas sensors, 
which are capable of detecting formaldehyde vapor with rapid 
response and recovery time. In addition, tin oxide doped with hydroxyl 
functionalized multi-walled carbon nanotubes was used as a semi-
conductor gas sensor to determine gaseous indoor formaldehyde with 
a detection limit as low as 0.03 ppm [15]. Currently, nanotechnology 
has been of interest for fabricating formaldehyde sensors. The utilization 
of toxic reagents or heavy metals should be avoided due to human 
health and environmental concerns. Also, the cost effectiveness and 
simplicity of materials and instruments for formaldehyde detection 
should be concurrently considered. Therefore, in this work, nanosized 
carbon dots were chosen as sensing materials integrated with an 
electronic nose apparatus for formaldehyde detection. 

Carbon dots (CDs) are carbonaceous nanomaterials with useful 
properties, including tunable fluorescence, photostability, and high 
biocompatibility, making them suitable for being employed as chemical- 
or biological- specified sensors. They can be easily synthesized via 
several approaches, such as pyrolysis, hydrothermal treatment, and 
microwave irradiation, using natural or waste precursors, for example, 
cranberry beans [16], lemon juice [17], and food waste [18]. These 
nanomaterials provide interesting and multifunctional applications, 
such as chemical [19] and biological sensing [20], drug delivery [21], 
photocatalysis [22], and electrocatalysis [23].  In this work, jackfruit 
seeds were used as precursors to synthesize carbon dots due to their 

high organic carbon contents. Moreover, the synthesis of carbon dots 
is an attractive and alternative way to reduce the jackfruit waste 
that increases from jackfruit consumption, especially in tropical 
countries [24].   

The jackfruit seed-derived carbon dots were employed as a 
formaldehyde sensing material using an optical electronic nose 
(e-nose) as a gas sensing apparatus. The electronic nose system is 
a rapid and useful system that mimics human olfactory senses to sense 
a variety of vapors, depending on the applied sensing materials [25]. 
In this work, the electronic nose system was developed to monitor the 
change in optical transmission upon exposure to formaldehyde 
vapor in different concentrations and mixtures, using carbon dot 
film as sensing material. Principal component analysis (PCA) was 
employed to differentiate formaldehyde vapor from other targeted 
volatile organic compounds (VOCs). The correlation between sensor 
responses and concentrations of formaldehyde, which is combined with 
the PCA score plot, provides a quantitative method for formaldehyde 
analysis in aqueous and mixture solutions. 
 
2.   Experimental 
 
2.1  Chemicals and materials 
 

Jackfruit seeds were obtained from a local fruit market in 
Pathumthani, Thailand. They were thoroughly washed with water and 
ethanol several times and seed peels were removed. Jackfruit seeds 
were then cut into small pieces using a blender. The pieces of jackfruit 
seeds were subsequently dried overnight in the oven at 60℃ for 
24 h. Dried jackfruit seeds were ground to a fine powder prior to use. 
Chemicals, including potassium hydroxide, sulfuric acid, quinine 
sulfate dihydrate, formaldehyde, and acetaldehyde, were purchased 
from Sigma Aldrich and used as received without further purification. 
Nitric acid (65% HNO3) and organic solvents were obtained from 
Carlo Erba. Cellulose dialysis membrane (1000 Da MWCO) was bought 
from Membrane Filtration Product, Inc. Deionized (DI) water with 
a resistance greater than 18 MΩ∙cm‒1 was used in all experiments. 
 
2.2  Synthesis of carbon dots 
 

The jackfruit seed powder (10.00 g) was suspended in DI water 
(60 mL) and mixed with 0.5 M nitric acid (60 mL). The mixture 
solution was then stirred at 900 rpm for 30 min to obtain a homogeneous 
solution. After stirring, the mixture solution was refluxed at 100℃ 
for 24 h and then pyrolyzed at 280℃ for 6 h. The remaining black 
solid products were dissolved in DI water (60 mL) and the solution 
was filtered to obtain the brown liquid. The brown liquid was 
subsequently dialyzed in a dialysis bag (1000 Da MWCO) for 72 h. 
The resulting solution was centrifuged at 10,000 rpm for 20 min to 
remove agglomerated particles. Finally, carbon dots in solid powder 
form (0.104 g, 1.04%) were obtained by freeze drying for 24 h. 
 
2.3  Formaldehyde vapor detection and electronic nose setup 
 

Carbon dot film was prepared on a glass slide (4 cm2 × 4 cm2) by 
casting a film of carbon dot solution (2.0 g∙L‒1) and drying overnight 
at 80℃. The optical electronic nose system consists of light sources, 
carbon dot film as sensing material, and a photodetector. Light-emitting 
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diodes (LEDs) and a commercial photodetector (ET-TCS230) were 
used to detect light intensity. Eight gas sensor arrays were generated 
based on eight colors of LEDs, including infrared, red (638 nm), 
yellow (587 nm), green (537 nm), blue (457 nm), blue-green (472 nm), 
violet (399 nm), and white. The transmitted light intensity through 
a sensing film was observed in the form of photon frequency (Hz), 
captured by a photodetector [26]. All of the measurements were 
carried out at room temperature. The gas sensing capability of carbon 
dot films was examined under dynamic gas flow through a home-
made chamber. Nitrogen gas (99.9%) was used as the reference and 
carrier with a flow rate of about 500 mL∙min‒1. The sensor system 
was designed to switch between sample and reference gases for 
several cycles by a solenoid valve which was controlled by a computer 
program and data acquisition (DAQ) card. The DAQ card was connected 
to a photodetector to visualize the obtained absorption spectra on a 
computer. All obtained data is calculated using software based on 
the principal component analysis (PCA) procedure to convert a set 
of observations of correlated variables into a set of values of linearly 
uncorrelated variables, resulting in a PCA score plot. 

A selectivity experiment was conducted using several solvent 
samples as vapor sources, including acetic acid, acetone, acetaldehyde, 
dichloromethane, DI water, ethanol, formaldehyde, methanol, and 
tetrahydrofuran. N2 gas was alternately flowed as a reference for 
120 s and as a carrier gas to carry solvent vapor for 60 s in each cycle, 
manipulating by the solenoid valves. The change in light transmission 
through carbon dot film was then recorded as a plot of signal response 
as a function of time. After six cycles of flowing reference gas and 
vapor samples, the sensor response was calculated as follows: 
 

Sensor response (%) = �
Ivapor ‒ IR

IR
�  × 100 

 
where Ivapor is the signal response of vapor samples and IR is the 

signal response of N2 gas. 
The sensitivity of carbon dot film towards formaldehyde vapor 

generated from different concentrations of formaldehyde solutions 
(0, 25, 50, 75, and 100%v/v) was evaluated. The sensitivity of carbon 
dot film to formaldehyde was calculated by the following Equation: 

 
Sensitivity = �

Ivapor-IR

IR
� 

 
where Ivapor is the signal response of formaldehyde vapor and IR 

is the signal response of N2 gas. 
Formaldehyde content in formaldehyde/methanol mixtures was 

further evaluated because of the significance of methanol as a 
commercial precursor for formaldehyde production. Formaldehyde 
(30%) and methanol were mixed at different volume ratios (0, 1, 5, 
10, 25, 50, 75, and 100%v/v) to investigate the sensor responses of 
the carbon dot film toward the mixtures of formaldehyde/methanol. 

 
2.4  Quantum yield measurements 
 

The quantum yield (∅X) of the carbon dots was measured based 
on the slope method using quinine sulfate dihydrate as a fluorescence 
standard, following previous reports [27]. The equation for calculating 
the quantum yield is the following.  

∅X = ∅ST �
GradX

GradST
��

ηX
2

ηST
2 � 

 
where Grad is the gradient (slope) from the plot of the integrated 

fluorescence intensity and absorbance, and η is the refractive index 
of the solution. The subscripts ST and X denote the quinine sulfate 
and carbon dot aqueous solutions, respectively.  Quinine sulfate in 
0.1 M H2SO4 was used as a standard (ϕST = 54% at 360 nm). 
 
2.5  Characterization  

 
Fourier transform infrared (FTIR) spectra were obtained using 

a Perkin Elmer FTIR spectrometer (Spectrum 2000) and KBr pellets. 
The surface elements were investigated using an X-ray photoelectron 
spectrometer (XPS) (AXIS ULTRADLD, Kratos Analytical Ltd., 
Manchester UK) with an X-ray spot size of 700 µm2 × 300 µm2 and 
monochromatic Al Kα1,2 (150 W). A carbon dot solution (0.1 g∙L‒1) 
was prepared, dropped on a clean 1 cm2 × 1 cm2 glass slide, and then 
dried in an oven overnight at 60℃. Transmission electron microscopy 
(TEM) images were obtained using a JEOL JEM-2100 microscope. 
The average size of carbon dots was determined using ImageJ 
software. Samples were prepared by deposition of a carbon dot 
solution (1.0 g∙L‒1) onto a copper grid coated with an ultra-thin film 
of carbon and dried by evaporation at 60℃. The ultraviolet-visible 
and fluorescence spectra were measured using a UV-visible spectro-
photometer (Shimadzu, UV-1700 PharmaSpec) and a fluorescence 
spectrophotometer (Jasco, FP-6200), respectively. The zeta potential 
was measured using a dynamic light scatter (DLS) instrument 
(HORIBA, Nano Partica SZ-100) at 25℃. A carbon dot solution 
was prepared by dissolving carbon dots in DI water (1 g∙L‒1) and 
ultrasonicated for 30 min. The viscosity, pH, and conductivity of 
carbon dot solution were 0.89 mPa∙s‒1, 7, and 0.083 mS∙cm‒1, 
respectively. The near-infrared spectrum of carbon dots was recorded 
using a Perkin Elmer Spectrum One NTS FT-NIR spectrometer equipped 
with a Perkin Elmer transflectance accessory and deuterated triglycine 
sulfate detector. 
 
3.  Results and discussion 
 
3.1  Synthesis and characterization of carbon dots 
 

The source of carbon and heteroatom dopants in starting materials 
is an important factor in producing the high fluorescence quantum 
yield of carbon dots [28]. Jackfruit seeds, which consist of carbohydrates, 
proteins, fats, and fibers, were chosen as the starting materials in 
this work. The synthetic route of the carbon dots is illustrated in 
Figure 1. Acid treatment was first applied to digest carbohydrates, 
proteins, fats, and fibers in jackfruit seeds into smaller molecules and 
to remove mineral impurities. The dark-brown solution was then 
pyrolyzed at 280℃ for 6 h to obtain the black carbonized powder. 
After multiple steps of purification, the carbon dots were obtained 
as solid products with a fluorescence quantum yield of 12.7%, which 
is high compared to other natural seed-derived carbon dots (Table 1).  
This is due to the high nitrogen content in the jackfruit seeds, which 
is known to enhance the fluorescence quantum yield. 
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Table 1. Fluorescence quantum yields (QYs) of natural seed-derived carbon dots from previous studies and this work. 
 

Precursor seed Method QY (%) N content (%) Ref. 
Chia Pyrolysis 24 0 [29] 
Apple Pyrolysis 20 5.4 [30] 
Lychee Pyrolysis 10.6 - [31] 
Fennel Pyrolysis 9.5 0 [32] 
Avocado Carbonization 9.2 - [33] 
Sesame Microwave-assisted pyrolysis 8.02 - [34] 
Fenugreek Pyrolysis 7.5 - [35] 
Sunflower Hydrothermal 3.58 17.88 [36] 
Black sesame Hydrothermal 2 9.0 [37] 
Jackfruit Acid treatment-assisted pyrolysis 12.7 5.64 This work 

The particle size and morphology of the carbon dots synthesized 
in this work were determined using TEM. The TEM analysis of the 
carbon dots presented spherical-shaped particles with an average size of 
2.97 nm and showed good dispersion, suggesting non-agglomerated 
carbon particles at the nanoscale (Figure 2(a) and Figure 2(b)). 
A lattice spacing of 0.34 nm was obtained from the high-resolution 
TEM image (inset), which is close to a lattice spacing of graphite.  
The zeta potential was ‒62.5 mV, indicating a negative charge on 
the surface functional groups of carbon dots and supporting the well 
dispersed carbon dot particles in aqueous solution. The highly negative 
charge on the surface arose from the existence of abundant negatively 
charged hydroxyl and carboxyl groups on the surface of carbon dots.  

The FTIR spectrum of jackfruit seed-derived carbon dots was 
obtained to investigate the surface functional groups. As shown in 
Figure 2(c), the broad and strong signal at 3427 cm‒1 was attributed 
to the stretching vibrations of O-H and N-H bonds of hydroxyl, carboxyl, 
and amino-containing functional groups [38]. The signal at 1611 cm‒1 
showed the vibration of C=C and C=O bonds, indicating the presence 
of the alkenyl and carbonyl functional groups [39]. The obvious signal 
at 1386 cm‒1 corresponded to the bending vibration of the C-H bond, 
proving the existence of sp3 hybridization in the alkyl functional 
groups [40]. 

The XPS technique was applied to investigate elemental compositions 
and chemical bonds within the carbon dots. From the XPS survey 
spectrum (Figure 3(a)), a ratio of carbon and oxygen contents in the 
carbon dots was higher than that of nitrogen content. The carbon dots 
produced signals at 286.0 eV, 400.0 eV, and 533.0 eV. These peaks 
were attributed to C1s, N1s, and O1s, with atomic concentrations of 
61.98%, 5.64%, and 28.53%, respectively (Figure 3(a)). The high-
resolution C1s (Figure 3(b)) and O1s spectra (Figure 3(c)) presented 
a higher intensity of hydroxyl and carbonyl functional groups than 
amine functional groups in the N1s spectra (Figure 3(d)) which represent 
negatively charged species in the carbon dot solution [41]. The high-
resolution spectrum of C1s peak (Figure 3(b)) was deconvoluted into 
four peaks at 284.8, 286.0, 287.5, and 288.9 eV, corresponding to the 
C-C, C-N, C=N/C=O, and O=C-OH functional groups, respectively 
[33,42-44]. As shown in Figure 3(c), the peaks centered at 531.2 eV, 
532.2 eV, 533.3 eV, and 534.3 eV of the O1s spectrum can be assigned 
to C=O, C-O, C-OH/C-O-C, and O=C-OH bonds, respectively [45-47]. 
The high-resolution spectrum of N1s was fitted into three peaks at 
399.0 eV, 400.2 eV, and 401.4 eV, corresponding to the pyridinic-N, 
graphitic-N, and pyrrolic-N, respectively (Figure 3(d)). These results 
revealed the existence of oxygen- and nitrogen-containing functional 
groups in carbon dots, correlating with the FTIR results 

 

Figure 1. Schematic illustration for the preparation of the carbon dots from 
jackfruit seeds. 
 

 

Figure 2. (a) TEM image of the carbon dots derived from jackfruit seeds, 
(b) their size distribution diagram, and (c) FTIR spectrum of the jackfruit seed-
derived carbon dots. 
 

 

Figure 3. (a) Survey XPS spectrum of the carbon dots and high-resolution 
spectra corresponding to (b) C1s, (c) O1s, and (d) N1s regions. 

2) Pyrolysis

Purification

Jackfruit seeds Carbonized product Carbon dots Carbon dot solution

UV 365 nm PL

1) Acid treatment

20 nm

(a) (b)

(c)

2 nm
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(c)

(b)
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3.2  Optical properties 
 
The optical properties of carbon dots were investigated through 

the observation of absorption and fluorescence emission spectra. 
The inset in Figure 4(a) shows photographs of the carbon dot solution 
under visible light and UV light (365 nm), indicating excellent 
dispersibility of carbon dot particles and showing blue fluorescence 
emission under UV exposure. The absorption spectrum (black line, 
Figure 4(a)) revealed a strong absorption between 200 nm to 250 nm, 
corresponding to the π-π* electronic transition of the sp2 aromatic 
system within the carbon core [48]. An intense fluorescence intensity 
was observed at 483 nm when the carbon dot solution was excited 
at 360 nm, verifying a superior blue emission color. This result is 
consistent with  the average particle size of the obtained carbon dots, 
which was approximately 2 nm to 3 nm and typically related to blue 
fluorescence emission [49]. Furthermore, the excitation-dependent 
emission was demonstrated in Figure 4(b). The fluorescence emission 
peak was red shifted when the excitation wavelength was increased. 
This photoluminescence behavior is often found in carbon dots, 
which present several functional groups on their surface, creating 
multiple photoluminescence centers and energy levels. A multi-color 
fluorescence emission of carbon dots has been consequently controlled 
by varying excitation wavelengths without modifying their chemical 
structures, providing advantages in a wide range of bioimaging 
applications. 

 

 

Figure 4. (a) Absorbance (black line) and fluorescence emission spectra of 
the carbon dots in aqueous solution (1.0 g∙L‒1) (red line, λex = 360 nm, λem = 
380 nm to 700 nm). Insets present photographs of carbon dot solution under 
visible light (left) and UV light (right) and (b) excitation-dependent emission 
spectra of carbon dots (λex = 280, 320, 360, 400, 480, and 520 nm). (c) 
Fluorescence spectra and (d) plots of fluorescence intensity of the carbon dots 
in aqueous solution (1.5 g∙L‒1) at different pH levels, (e) and (f) fluorescence 
emission spectra and plots of relative fluorescence intensity (%) as a function of 
time (week). (λex = 360 nm, λem = 380 nm to 700 nm, error bars showed 
standard deviations based on three independent measurements.) 

The pH-dependent photoluminescence of the carbon dots was 
investigated (Figure 4(c) and Figure 4(d)). The fluorescence emission 
intensity dropped to 65% and almost 50% when the carbon dots 
were dispersed in severe acidic and basic solutions, respectively. 
This is due to the protonation of carboxyl groups in the acidic 
environment, which resulted in the agglomeration of carbon dots in 
the aqueous solution and the lower fluorescence efficiency. The 
decrease in fluorescence emission in strong basic solution (pH 14) 
might be due to the reduction in emissive sites on the particles [50]. 
In strong basic solutions, functional groups, such as carboxyl and 
hydroxyl groups, were deprotonated, which became less photo-
luminescent than in neutral state. The deprotonated carboxyl and 
hydroxyl groups led to a change in emissive states, resulting in a lower 
fluorescence intensity.  Therefore, a suitable pH range is between 6 
and 12. The different pH conditions of carbon dot solutions affected 
their fluorescence properties because of the existence of different 
surface charges on carbon dot particles, leading to the distribution 
of surface state energy levels [51]. In addition, the photostability of 
the as-prepared carbon dots was next examined by comparing it to 
the fluorescence emission of a standard fluorophore (quinine sulfate 
dihydrate) following this equation.  Quinine sulfate was chosen as 
a benchmark because it is a stable compound.   

 
Relative fluorescence intensity emission  = 

�
Fluorescence intensity emission of carbon dots

Fluorescence intensity emission of quinine sulfate
�× 100     

 
The fluorescence intensity of carbon dots showed excellent 

photostability for at least eight weeks under ambient conditions 
(Figure 4(e) and Figure 4(f)). The relative fluorescence emission 
intensity of the carbon dots was about 75% with respect to that of 
quinine sulfate and remained at about that value throughout the 
8 week period. With a long shelf life, the carbon dots prepared in 
this work can thus be kept for use for a long period of time. 
 
3.3  Formaldehyde vapor detection 

 
Since carbon dots have emerged as interesting fluorescence nano-

materials, their unique optical properties and hydrophilicity have been 
employed to detect several kinds of chemicals via interactions between 
conjugated π electronic systems/surface functional groups and electron 
donors or acceptors of analytes [52]. To evaluate the sensing capability 
of carbon dots towards volatile organic compounds (VOCs), optical 
electronic nose (e-nose) has been utilized to reliably mimic a biological 
nose. The sensory system of e-nose uses a transducer and data processing 
unit to detect odorant molecules and convert the data into sensing 
signal. In the sensory system, sensing elements with a wide range 
of absorption for a specific gas are essential and required. In this work, 
carbon dots were used as thin film sensors to detect formaldehyde 
vapor, which was generated from formaldehyde solutions and mixtures. 
The carbon dot film was prepared on a glass slide, which appeared a 
dark brown color, and placed inside a chamber with gas inlet and outlet 
(Figure 5). The carbon dot film was stable throughout the measurements 
and offered adequate absorption in the UV and visible regions. The 
electronic nose system, which consists of a flow system, LED light 
sources, photodetector, and a data processing unit, was used to measure  

(a) (b)

(c) (d)

(e) (f)
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Figure 5. Photo of optical e-nose (a) and (b) setup diagram. 
 

 

Figure 6. Comparison of sensor responses of the carbon dot film towards 
different solvent vapors using eight light sources. 
 

 

Figure 7. (a) Gas sensing response under red light (638 nm) and (b) PCA 
two-dimensional score plots of the carbon dot film upon exposure to different 
solvents, including acetaldehyde (MeCHO), formaldehyde (HCHO), tetra-
hydrofuran (THF), DI water, ethanol (EtOH), methanol (MeOH), dichloromethane 
(CH2Cl2), acetone, and acetic acid (AcOH), a flow rate of 60 mL∙min‒1. 
 
the light absorption and convert it into a signal response. Signal response 
is a change in absorption of carbon dot thin film after flowing 
formaldehyde vapor and N2 as sample and reference gases, respectively. 
All data obtained in the sensing experiments was analyzed using 
software based on principal component analysis (PCA). PCA is a method 
that is utilized to minimize feature redundancy and filter out noise. 

First, the as-prepared carbon dot thin film was used to detect 
various kinds of vapors by utilizing the solvents as vapor sources, 
including acetic acid, acetone, acetaldehyde, dichloromethane, 
DI water, ethanol, formaldehyde, methanol, and tetrahydrofuran, 
which are commonly and widely used in laboratories and industries. 
The carbon dot thin film was placed in a home-made chamber that 
consisted of eight light sources and a photodetector. Being manipulated 
by solenoid valves, the nitrogen gas was then alternately flowed for 
120 s and carrier gas to carry vapor samples for 60 s in each cycle. 
The change in light transmission through the carbon dot thin film 
was subsequently recorded as a plot of signal response as a function  
of time (Figure 6). The light transmission dropped significantly when 
acetaldehyde, formaldehyde, DI water, and acetic acid vapors were 

switched on and flowed into the chamber while other solvents produced 
smaller signal response decreases.  

As shown in Figure 7a, six cycles of flowing reference gas and 
vapor samples were carried out to demonstrate the reproducibility 
of the signals.  After six cycles of flowing reference gas and vapor 
samples, the sensor response in percentage was calculated. it was 
found that the sensor responses of acetaldehyde, formaldehyde, and 
DI water were the three highest in value (0.208, 0.216, and 0.246, 
respectively). To clearly distinguish sample vapors, principal component 
analysis (PCA) was applied to manage the input data from eight 
light sources. The resulting data showed a score plot, and a circle 
was used to mark the exclusive zone of each vapor sample. The PCA 
score plot (Figure 7(b)) was obtained, verifying the separation of 
formaldehyde, acetaldehyde, DI water, ethanol, and methanol with 
excellent total variability of 98.9%. This suggests that our carbon dots 
can differentiate formaldehyde, acetaldehyde, and DI water from 
the rest of the solvent samples. We believe that the sensitivity towards 
these analytes arose from the polar-polar interactions between the 
carbon dots and the analytes, in particular, the aldehyde compounds. 
The carbonyl groups of formaldehyde and acetaldehyde and carbon 
dots could be responsible for the interactions. Along with these 
interactions, these aldehydes are volatile, allowing them to easily be 
in vapor phase and transported to the carbon dot film.  Regarding the 
sensitivity towards water, the hydrogen bonding could be responsible 
for the strong interactions with the carbon dots as they possessed various 
hydrophilic functional groups, including carboxyls and hydroxyls.  
Consequently, the aldehyde compounds and water generated strong 
signals, when compared to other solvents. 

Since formaldehyde is widely used in industrial production and 
provided one of the highest signal responses among VOCs (Figure 7), 
we would like to further test the sensing capability of the carbon dots 
towards formaldehyde in aqueous solutions at different concentrations. 
Formaldehyde aqueous solutions (0, 25, 50, 75, and 100%v/v) were 
used as vapor sources. The 100%v/v of formaldehyde solution produced 
the greatest magnitude of the signal response, and the signal response 
decreased as a function of decreasing formaldehyde concentration 
(Figure 8(a)). However, the carbon dot thin film still showed a signal 
response even though pure water (0%v/v concentration) was used as 
a sample. This was due to the high sensitivity of the carbon dots towards 
DI water because of their hydrophilicity. This was further confirmed 
by the presence of two peaks in the near-infrared spectra of our carbon 
dots at 5168 cm‒1 and 4360 cm‒1, corresponding to water and bonded 
water to the carbonyl groups, respectively (Figure 8(d)) [53,54]. 
Therefore, the carbon dots could absorb and interact with water 
molecules even in a solid powder form. When nitrogen gas was flowed 
after the exposure of formaldehyde (100%v/v), the light transmission 
recovered in 97.7 s ± 5.4 s. The alternate flow between nitrogen gas 
and formaldehyde vapor was repeated multiple times, and neither 
degeneration of physical appearance nor decay of signal response 
was observed. This suggested that our carbon dots presented excellent 
repeatability as formaldehyde vapor sensing materials. In addition, 
the signal responses from eight light sources were subjected to PCA 
to get new representation data as a score plot. The score plot, obtained  
by selecting the data from the first two principal components (PC1 
and PC2), gave a high value of 97.9% of the variance in the original 
data set with no overlap of exclusive zones (Figure 8(b)). The results 

(a) (b)

Carbon dot film

(b)(a)
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can be described that our carbon dots incorporated with the electronic 
nose system were able to reliably identify different concentrations 
of formaldehyde. This will be an applicable technique to measure 
the content of formaldehyde in chemical or industrial production lines. 
The calculated sensor responses from the difference in light transmission 
between the flows of nitrogen and formaldehyde were used to 
generate the plot as a function of formaldehyde concentration in 
solutions (Figure 8(c)). A Stern-Volmer plot as an inset of Figure 8(c) 
showed a well-pronounced linear relationship (R2=0.9956) between 
sensor response and amount of formaldehyde across the range 25%v/v 
to 100%v/v formaldehyde. Notably, the calculated sensor response 
is based on the data generated from the green light array (537 nm) 
because of its highest magnitude of signal response during the 
alternate flows of reference gas and formaldehyde vapor (Table S2). 
The detection limit was calculated based on 3σ/slope method to be 
24.7%v/v. Our detection limit was equivalent to 60.39 mg∙kg‒1 of 
formaldehyde, which is sufficient detectability to measure contaminate 
formaldehyde found in different seafood species in previous reports 
such as squid [55], giant tiger prawn [56], and main traded fish [57]. 
Despite a relatively high detection limit, this confirmed that our carbon 
dots-integrated electronic nose is a useful sensor for formaldehyde 
detection and provided an alternative quantifying method to measure 
the content of formaldehyde in aqueous solution.  Furthermore, our 
work is the first to report the use of optical electronic nose for the 
detection of formaldehyde (Table 2). Although the sensing performance 
of our sensor needs further improvement to compete with others, 
the straightforward preparation of carbon dots, the utilization of 
biowaste, and the low cost of electronic nose system, compared to 
other sensing platforms, present the potential of our system for real 
applications, such as the quantification of formaldehyde from methanol 
conversion and determination of methanol contaminant in formaldehyde. 

In the chemical industry, formaldehyde is widely synthesized from 
methanol through catalytic oxidation and dehydrogenation. We therefore 
examined the sensitivity of our carbon dots towards formaldehyde 
vapor in formaldehyde/methanol mixtures at various ratios (0, 1, 5, 
10, 25, 50, 75, and 100%v/v). The optical transmission of carbon dot 
film was dramatically reduced when the flow system was switched 
from nitrogen gas to vapors from the formaldehyde/methanol mixtures 
(Figure 9(a)). To differentiate the formaldehyde content in various 
volume ratios of mixture solutions, PCA was employed to reduce high 
dimensional data into a score plot. Figure 9(b) obviously showed the 
separation of each concentration of formaldehyde/methanol mixtures 
from 5%v/v to 100%v/v based on the first two principal components 
(PC1 and PC2) with a substantial variance of 99.5% and 0.3%, 
respectively. The PCA result suggested that our carbon dot film-
integrated optical electronic nose can be utilized to analyze formaldehyde 
and methanol content during oxidative hydrogenation reactions in 
industrial processes in which the score plots of the formaldehyde/ 
methanol mixture are separated from 5% formaldehyde to 100% 
formaldehyde. Hence, the carbon dots could distinguish different ratios 
between formaldehyde and methanol between 5% to 100%.  The 
sensor response increased with the concentration of formaldehyde, 
indicating the carbon dots were more sensitive to formaldehyde than 

methanol, which is consistent with Figure 7 (Figure 9(c) and Figure 9(d)). 
Based on the linear range from 25% to 100%, the limit of detection 
was determined, calculated from 3σ/slope method to evaluate the 
detectability of the minimum amount of formaldehyde in the mixture, 
to be 10.74%v/v. Therefore, the integration of our carbon dots and 
electronic nose apparatus can achieve the detection of formaldehyde 
in a formaldehyde/methanol mixture, expanding the practical uses 
of formaldehyde and methanol manufacturing. 

 

 

Figure 8. (a) Gas sensing response of the carbon dot film upon exposure to 
formaldehyde in different concentrations from a green light source (537 nm), 
(b) PCA two-dimensional score plots from various concentrations of formaldehyde, 
(c) Stern-Volmer plots of sensor response as a function of formaldehyde 
concentration with a linear range as inset (error bars represent standard 
deviations based on six cycles of vapor exposure), and (d) near-infrared 
spectrum of the jackfruit seed-derived carbon dots. 
 

 

Figure 9. Gas sensing response (a) and (b) PCA two-dimensional plot of the 
carbon dot film upon exposure to a formaldehyde/methanol mixture in different 
volume ratio concentrations from a green light source (537 nm), (c) Stern-
Volmer plots of sensor response as a function of formaldehyde concentration 
in formaldehyde/methanol solutions with a linear range as (d) (error bars 
represent standard deviations based on six cycles of vapor exposure). 

 
 
 

(a) (b)

(c) (d)

(a) (b)
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Table 2. Summary of formaldehyde sensing systems. 
 
Source of carbon dots Synthesis methods Formaldehyde detection method LOD Linear range Ref 
Jackfruit seeds Pyrolysis Optical electronic nose 24.7% v/v 25% v/v  

to 100%v/v 
This work 

L-ascorbic acid and  
ethylene glycol 

Hydrothermal Intelligent gas sensing  
platform (CGS-MT) 

0.5 ppm - [58] 

Citric acid monohydrate  
and ethylenediamine 

Hydrothermal Fluorescence  
spectrophotometer 

22 μg∙L‒1 36.0 μg∙L‒1 

to 270.0 μg∙L‒1 
[59] 

Lignin and  
m-phenylenediamine 

Hydrothermal Fluorescence  
spectrophotometer 

7.40 μg∙L‒1 0.02 mg∙L‒1  

to 1 mg∙L‒1 
[60] 

Laurel leaves Hydrothermal Quartz crystal  
microbalance sensor 

0.34 mg∙L‒1 - [61] 

o-Phenylenediamine Hydrothermal Resonance light scattering 
technique 

1.6 nM 4 nM to 1.6 mM [62] 

Purslane leaves Hydrothermal Quartz crystal  
microbalance sensor 

42.61 Hz mg‒1∙L‒1 2.9 mg∙L‒1 

to 23.2 mg∙L‒1 
[63] 

N-(phosphonomethyl) 
iminodiacetic acid and  
branched polyethyleneimine 

Hydrothermal Fluorescence  
spectrophotometer 

0-40 µM 0.47 µM [64] 

 
4.  C onclusions 
 

In summary, carbon dots with high fluorescence efficiency, good 
dispersibility, and photostability were successfully synthesized by 
the acid treatment-assisted pyrolysis method using jackfruit seeds as 
available natural wastes as precursors. The incorporation of carbon dots 
and an optical electronic nose system renders a sensitive formaldehyde 
sensor as sensitive as 24.7%v/v, which is sufficient to use as a 
formaldehyde probe sensor in different seafood species. Moreover, 
the utilization of carbon dots as sensing materials presents the 
distinguishability of formaldehyde concentrations in aqueous and 
methanol-mixture solutions through PCA analysis. Our natural waste-
derived carbon dots provide a foundation for a convenient and practical 
approach to the quality control of food and industrial products. 
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