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Abstract: Graphene quantum dots (GQDs) have been successfully used as a highly sensitive probe for
the sensing of formaldehyde (HCHO) in an aqueous solution. Through static quenching, the probe
utilizes the interaction between HCHO and GQDs to trigger the “turn off” fluorescence response,
and has good selectivity. The probe can detect HCHO in a pure aqueous solution, and it also can still
detect HCHO in a complex environment with a pH range from 4 to 10. The concentration of HCHO
and the fluorescence intensity of GQDs show a good linear relationship within the range of HCHO
of 0–1 µg/mL, which was much more sensitive than previous reports. The limit of HCHO detection
by GQDs is about 0.0515 µg/mL. In addition, we successfully applied it to the actual food inspection.
It is proved to be a selective, sensitive and visualized method to check whether the concentration
of HCHO in the foods exceeds the regulatory limit, which presents a potential application in food
safety testing.

Keywords: graphene quantum dots (GQDs); formaldehyde (HCHO); fluorescence probe

1. Introduction

Formaldehyde, as the simplest carbonyl compound, is widely used in our daily lives.
Due to its antiseptic and bactericidal properties, formaldehyde is often added to foods to
keep them fresh. However, excessive intake of formaldehyde is extremely harmful to the
human body. As early as 2009, formaldehyde was included in the list of carcinogens by
the International Agency for Research on Cancer (IARC) due to its strong pathogenicity
for nasopharyngeal carcinoma and weak pathogenicity for leukemia [1]. Therefore, it is
extremely important to detect formaldehyde in food with high sensitivity. At present, the
detection methods of formaldehyde mainly include spectrophotometry [2], gas chromatog-
raphy [3], high-performance liquid chromatography [4], Raman spectroscopy [5], mass
spectrometry [6] and fluorescence spectrophotometry [7]. In recent years, fluorescence
detection technology has received more and more attention due to its simple measurement,
high sensitivity, and strong specificity. Specifically, reactive fluorescent probes have been de-
veloped [7–9]. The detection reaction mainly includes the reaction of amino (-NH2) [10–12]
or hydrazine (-NH-NH2) [13,14] with formaldehyde and the aza-Cope rearrangement reac-
tion [15–18]. However, since most of the reaction molecules cannot be directly dissolved
in pure water, the reactions are carried out in non-neutral aqueous solutions or organic
solvents [19–21]. This greatly limits their practical applications. Therefore, it is necessary
to develop a fluorescent probe that can detect formaldehyde in pure water solvent.

Graphene quantum dots (GQDs), a new type of 0D carbon nanomaterial, have at-
tracted more and more attention due to their excellent optical properties, high chemical
stability, low environmental hazards and excellent biocompatibility. The preparation of
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GQDs mainly includes “bottom-up” and “top-down” methods [22]. The “bottom-up”
method mainly converts non-graphite carbon sources into GQDs through chemical reac-
tions, such as pyrolysis [23–25], microwave [26,27], ultrasonic [28], hydrothermal [29], etc.
The “top-down” method mainly uses physical or chemical methods to strip or decompose
bulk carbon materials into nano-sized graphene, such as arc discharge [30], laser abla-
tion [31,32], electrochemical oxidation [33,34], chemical cutting [35]„ etc. The pyrolysis
method mainly controls the degree of carbonization of the substance by controlling the
heating time to prepare GQDs. It is widely used because of its simple operation and low
preparation cost. As a new type of fluorescent probe, GQDs are widely used in fluorescence
detection [36–40], bioimaging [41], drug delivery [42–44], photocatalysis [45–47] and other
fields. In recent years, it has also attracted great attention in the development of specific and
selective fluorescent sensing probes. Thus far, GQDs have been reported to detect metal
ions and organic matter, such as Fe3+ [25,48–50], Hg2+ [50–53], Cu2+ [54], TNT [39] and
benzoquinones [36–38,40], etc. The fluorescence of GQDs can be effectively quenched by
electron acceptors or electron donors in solution, which indicates that GQDs are excellent
electron donors or electron acceptors. This provides the possibility for GQDs to detect
formaldehyde. The surface of GQDs contains a large number of carboxyl and hydroxyl
groups, which gives it excellent water solubility, so GQDs can be well-dispersed in pure
water solvents [55]. It is these excellent properties that make GQDs a competitive substitute
for organic fluorescent probes and heavy metal quantum dots.

In this work, we presented a method to accurately detect formaldehyde in pure aque-
ous solutions using the fluorescence characteristics of GQDs. It has solved the dilemma that
HCHO must be detected in organic solvents or acid-base solutions. Through static quench-
ing, GQDs interact with formaldehyde in the ground state, meaning that formaldehyde
can effectively quench the fluorescence of GQDs. The probe can selectively and sensitively
detect formaldehyde in the range of 0–1.0 µg/mL. In addition, the fluorescence intensity
of GQDs in this interval also showed a good linear relationship with the concentration
of formaldehyde. Unmodified GQDs can effectively detect formaldehyde in pure water
solvents. There is a potential application in the green detection of formaldehyde in aqueous
solutions in the future.

2. Materials and Methods
2.1. Materials

All chemicals used were at least of analytical reagent grade and used without further
purification. Citric acid and sodium hydroxide were obtained from Shanghai Aladdin
Biotechnology Co., Ltd. (Shanghai, China). Formaldehyde solution and paraffin liquid
were purchased from Rhawn of Shanghai Yi en Chemical Reagent Co., Ltd. (Shanghai,
China). Ethanol, methanol, acetaldehyde, acetone and phosphoric acid were obtained
from Fuchen Chemical Reagent Co., Ltd. (Tianjin, China). Benzene, Toluene, Xylene and
ammonia were purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).
The water used in all experiments was ultrapure water with a resistivity of 18.2 MΩ·cm.

2.2. Synthesis of GQDs

GQDs were synthesized according to the reported method [23]. In short, we added
2 g citric acid (CA) to a small sample bottle and put it in an oil bath heated to 200 ◦C
with a magnetic stirrer. CA changed from a solid state to a colorless liquid state, and then
gradually turned yellow. In about thirty minutes, the color of the liquid turned orange.
We then added the orange liquid drop wise to 10 mg/mL NaOH solution under vigorous
stirring. Finally, we adjusted the solution to neutral with a 10 mg/mL NaOH solution.
The solution of GQDs was obtained and stored in a refrigerator at 4 ◦C for use. The
characteristic test of GQDs was further purified. Ethanol was added to the GQDs to make
the large particles settle, and then dried with a rotary evaporator. The GQDs can be easily
redispersed into water.
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2.3. Characterization

Fluorescence emission and excitation spectra were recorded on a Hitachi F-4600 fluo-
rescence spectrophotometer. The slit widths of emission and excitation were both 5 nm,
and the voltage of PMT was 700 V. Transmission electron microscopy (TEM) images were
obtained with a FEI Talos F200S field emission high resolution transmission electron micro-
scope. Atomic force microscope (AFM) images were taken with an Agilent 5500 Atomic
force microscope. Fourier transform infrared spectroscopy (FTIR) was conducted using a
Bruker Vertex 80 V Spectrometer. The fluorescence lifetime was recorded on an Edinburgh
Instruments FSP920 Fluorescence Spectrometer. Zeta potential was carried out with a
Malvern Zetasizer Nano ZEN3600 instrument. UV-Vis absorption spectra were measured
on an Analytik Jena Specord 250 plus UV VIS Spectrophotometer.

2.4. Quantum Yields (QY) Measurements of GQDs

The fluorescence QY of GQDs were measured by a reference method [56]. Quinine
sulfate and GQDs were prepared into solutions with an absorbance value of less than
0.05, and then diluted into five solutions with different concentrations. We calculated
their fluorescence QY by measuring their ultraviolet absorption and fluorescence emission
spectra. Calculated according to the following formula, Mx and Mst are the slope of the
straight line obtained by plotting the integrated area of the fluorescence intensity of GQDs
and quinine sulfate and the absorbance value, respectively. ϕx and ϕst are the QY of GQDs
and quinine sulfate, and the value of ϕst is 0.54. ηx and ηst are the refractive indices of
GQDs and quinine sulfate solutions, and both are 1.33.

ϕx=ϕst

(
Mx

Mst

)(
ηx
ηst

)2
(1)

2.5. Detection of HCHO

The detection of HCHO was carried out by measuring the fluorescence spectra of
GQDs in the presence and absence of HCHO. Simply put, we added HCHO of different
concentrations to 1 mg/mL GQDs, then diluted the solution to 0.5 mg/mL by adding
ultrapure water, and allowed the solution to interact at 30 ◦C for 8 h. The concentration of
HCHO was detected by the linear relationship between fluorescence intensity of GQDs
and concentration of HCHO.

2.6. Detection of HCHO in Real Food

The detection of HCHO in food samples aims to extract HCHO from the food by
steam distillation. In short, we placed 10 g of meat into a 250 mL two-necked flask, then
added 20 mL of ultrapure water, 10 mL of 10% phosphoric acid, 25 mL of liquid paraffin,
and then used steam distillation to extract 200 mL of distillate. An equal volume of extract
was added to 1 mg/mL GQDs (contaminated sample is 4 µg/mL HCHO was added to
the extract), and the fluorescence intensity of GQDs was measured at 30 ◦C for 8 h to
determine the content of HCHO in food. Fluorescent test paper detects HCHO in real
samples by placing 2 g of normal samples or contaminated samples into Petri dishes with
GQDs fluorescent test paper. HCHO in contaminated food will transfer from the food to
the GQDs fluorescent test paper through volatilization. GQDs fluorescent test paper was
prepared by soaking non-fluorescent test paper through GQDs and then drying. Food
with excessive HCHO was made by soaking the meat in 1 mg/mL HCHO for 10 min. The
detection of HCHO in food extract and the GQDs fluorescent test paper to detect HCHO in
real food were repeated three times or more.

3. Results and Discussion
3.1. Principle of GQDs Detecting HCHO

Scheme 1 shows a schematic diagram of GQDs detecting HCHO. GQDs can emit
bright cyan fluorescence under the irradiation of ultraviolet light, and after interacting with
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HCHO, the fluorescence of GQDs is quenched. In foods with excessive HCHO content,
HCHO transfers to the test paper through volatilization and quenches the fluorescence of
GQDs. GQDs fluorescent test paper does not emit fluorescence, while GQDs fluorescent
test paper in normal food still emits bright cyan fluorescence.
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and HCHO are not drawn to scale.

3.2. Structure and Character of GQDs

To investigate the structure of GQDs, TEM and AFM were performed. It can be
observed from the TEM image that GQDs are nanoparticles distributed almost in a circular
shape. The inset (left) of the TEM image shows that these GQDs are uniform in size,
ranging from 12 to 18 nm in diameter. Figure S1 is the TEM image of GQDs at a scale bar
of 200 nm, which also shows that GQDs are uniformly dispersed nanosheets with a size
of approximately 15 nm. Additionally, the size distribution of GQDs was also measured
by dynamic light scattering in aqueous solution, which proved that the size of GQDs
is between 12 and 30 nm, which is consistent with the TEM data (Figure S2). The high-
resolution TEM (HRTEM) observation of the GQDs. Figure 1a inset (right) reveals the
crystallinity of the GQDs, the labelled interplanar distance is 0.25 nm. AFM results show
that the height of GQDs (Figure 1b) is mainly distributed in the range of 2~3 nm, similar to
the height observed when approximately two to three layers are formed in graphene [52].
In addition, the zeta potential of GQDs was measured to be −9.2 mV (Table S1), confirming
that the surface is negatively charged, which is related to the negatively charged carboxyl
groups on the surface of GQDs. Figure S3 is the UV absorption graph of GQDs. It can be
seen from the figure that GQDs have a strong absorption before 320 nm, which is similar to
the UV absorption of graphene. GQDs has an ultraviolet absorption peak at 355 nm, and it
is caused by n-π* transition of the C=O bond [57]. This feature shows that GQDs can be
excited by widely used ultraviolet lamps, which is very convenient for application.

The fluorescence emission spectra of the GQDs solution are depicted in Figure 1c.
GQDs revealed fluorescence properties, as shown by the apparent absorption band at
366 nm, corresponding to the excitation spectra and displayed the fluorescence intensity
(maximum emission) at 460 nm. The inset of Figure 1c is a digital photograph of the GQDs
aqueous solution under day light (vis) and a 365 nm UV lamp. It is clearly observed that the
GQDs sample shows a homogeneous dispersion in aqueous solution at room temperature
and is highly stable. The GQDs solution at a low concentration (0.5 mg/mL) is colorless
under visible light, and emits bright cyan fluorescence under ultraviolet light irradiation.
Based on fluorescence spectral results, it is also inferred that CA polymerization changed
the material structure to attain fluorescence characteristics. By selecting quinine sulfate
as the standard, the fluorescence QY of GQDs at 366 nm were calculated to be about
8.57% (8.13~9.05%) (Tables S2 and S3, Figure S4), which is consistent with previous related
literature [23]. Figure S5 is the stability of GQDs fluorescence intensity over time at 4 ◦C.
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The fluorescence intensity of GQDs gradually decreased over time, but it only dropped
15% in a week, indicating that the fluorescence of GQDs was very stable.
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The fluorescence spectra of GQDs of different excitation wavelengths are shown
in Figure 1d. The fluorescence of GQDs shows a slight correlation with the excitation
wavelength, as with most carbon-based nanomaterials. With the increase in the excitation
wavelength, the maximum value of the fluorescence emission peak of GQDs gradually
shifts to the long wavelength direction. This may be caused by the surface defect state near
the Fermi level of these carbon-based fluorescent nanomaterials [54,58]. However, it can be
seen from Figure 1d that the maximum emission peak of GQDs is barely affected by the
change in excitation wavelength. The excitation wavelength is from 320 to 410 nm, and
the maximum emission wavelength of GQDs shifts from 457 to 463 nm. Additionally, this
property shows that even if an ordinary UV lamp is used as the excitation light source,
accurate detection data can be obtained.

The functional groups of the GQDs were confirmed by using FTIR (Figure S6). The
band at 3430 cm−1 is assigned to stretching vibrations of -OH. Furthermore, the bands
at 1700 cm−1 are from the stretching vibration of C=O. A peak related to C-O stretching
vibration of the carboxyl group is at 1296 cm−1. The peak at 933 cm−1 is associated with
the bending vibration of -OH. It indicates that there are lots of hydroxyl groups and
carboxyl group on the surface of GQDs. It also explains why GQDs have good hydrophilic
properties. The absorption peak at 1390 cm−1 is due to in-plane bending vibration of C-H.
The bands at 2979 and 2920 cm−1 are attributed to the absorption band of -CH3 and -CH2 of
antisymmetric stretching vibration. An aromatic C=C stretching vibration peak is observed
at 1580 cm−1, which indicates the dehydration of CA to GQDs [23,26,52].
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3.3. Ability of GQDs to Detect HCHO

GQDs have been increasingly used in the selective detection of luminescence species.
The functional groups on the surface of GQDs play an important role in the fluorescence
detection of organic compounds and ions. In this work, we found that HCHO has a strong
quenching effect on GQDs. As shown in Figure 2a, when a certain amount of HCHO
is added, the fluorescence intensity of GQDs will decrease to a certain extent. With the
increase in HCHO concentration, the fluorescence quenching of GQDs becomes more
obvious. Therefore, we can use GQDs as fluorescent probes to detect HCHO. In order to
ensure that the detection result is not affected by the inner-filter effect of fluorescence and is
more accurate, we tested the fluorescence intensity of different concentrations of GQDs in
aqueous solution. From Figure S7, we can see that as the concentration of GQDs increases,
the fluorescence intensity of GQDs gradually increases. Due to the influence of the inner-
filter effect of fluorescence, when the concentration of GQDs is greater than 0.05 mg/mL,
the rate of increase in the fluorescence intensity of GQDs decreases significantly. Finally,
we decided to use 0.5 mg/mL GQDs aqueous solution to detect HCHO. In addition, in
order to perform the test in a more real environment, the temperature is set at 30 ◦C.
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Figure 2. (a) Fluorescence emission spectra of GQDs in the presence of different concentrations of
HCHO; (b) the linear relationship between the fluorescence intensity of GQDs and concentration of
HCHO; (c) fluorescence intensity of aqueous solution of GQDs and the ability detect to HCHO of
GQDs in different pH; (d) the selectivity of GQDs detection of HCHO by fluorescence.

The interaction time between HCHO and GQDs is shown in Figure S8; 2 µg/mL of
HCHO was added to the GQDs solution. As the interaction time increases, the fluorescence
intensity of GQDs continues to decrease, and the decrease becomes slower and slower with
the increase in time. The rate of change in fluorescence intensity is already very low when
the interaction progresses to 8 h. Therefore, the concentration of HCHO can be determined
by measuring the fluorescence intensity of GQDs at 8 h of this interaction. The effect of
different concentrations of HCHO on the fluorescence intensity of GQDs is shown in Figure
2a. As the concentration of HCHO increases, the fluorescence intensity of GQDs continues
to decrease. Figure 2b shows that in the range of HCHO concentration of 0–1 µg/mL,
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there is a good linear relationship between the fluorescence intensity of GQDs and the
concentration of HCHO—the linear regression equation was Y = −2281.82 X + 5249.77,
with a correlation coefficient R2 = 0.98685. Additionally, the theoretical limit of detection
(LOD) of our sensor was calculated to be about 0.0515 µg/mL, according to the extensive
accepted method [59]. This probe can be comparable with many reported fluorescent
probes (Table S4).

LOD = 3σ/s = 3 × 39.17/2281.82 = 0.0515 µg/mL (2)

where σ is the standard deviation of the corrected blank signals of the GQDs and s is the
slope of the calibration curve.

In order to study the application range of fluorescence detection of HCHO, we tested
the fluorescence intensity of GQDs under different pH conditions, and the fluorescence
intensity of GQDs after interacting with HCHO under different pH conditions. The result
is shown in Figure 2c. Under alkaline conditions, the fluorescence intensity of GQDs
decreased significantly only at pH = 14, but the effect of GQDs’ detection of HCHO by
fluorescence at the range of pH = 11–14 decreased significantly as the alkalinity increased.
Under acidic conditions, the fluorescence intensity of GQDs and GQDs after interacting
with HCHO both dropped significantly at pH = 3. Additionally, when the pH ≤ 2, the
fluorescence of GQDs was completely quenched by H+, GQDs were no longer able to
detect HCHO as a fluorescent probe. In general, the fluorescence intensity of GQDs is very
stable in the range of pH = 4–13, and GQDs can accurately detect HCHO by means of
fluorescence in the range of pH 4–10. This shows that GQDs can detect HCHO in a wide
pH range.

Selectivity is a very important parameter to evaluate the performance of a new flu-
orescence probe. As shown in Figure 2, we measured the effects of common substances
and substances similar in structure to HCHO on the fluorescence intensity of GQDs. The
fluorescence of the GQDs solution was obviously quenched by HCHO. Acetaldehyde
has a slight effect on the fluorescence of GQDs due to its structure being very similar
to HCHO, but its fluorescence quenching effect on GQDs is less than 5%, and will not
affect the detection of HCHO by GQDs. Other substances have no quenching effect on
the fluorescence of GQDs. This indicates the GQD fluorescent probe has good selectivity
to HCHO.

3.4. Mechanism of GQDS Detects of HCHO

In order to verify the mechanism of fluorescence quenching by HCHO, we comparing
the FTIR spectra of GQDs before and after the interaction with HCHO, explain the changes
in the surface functional groups of GQDs (Figure S6). We found that the stretching vibration
absorption peak of C-O-C at 1130 cm−1 is significantly enhanced. Additionally, the C-O
at 1000 cm−1 and the -OH stretching vibration at 933 cm−1 also increased. In addition,
we also found that the C-O stretching vibration absorption peak of the carboxyl group at
1296 cm−1 slightly weakened. This suggests that HCHO has interacted with the groups
on the surface of GQDs. It can be seen from Table S1 that after the interaction of GQDs
with HCHO, the zeta potential of GQDs changed from −9.20 to −4.55 mV, indicating that
the negatively charged groups on the surface of GQDs decreased. It also proved that the
groups on the surface of GQDs changed. Additionally, the UV-Vis absorption spectra of
aqueous solutions of GQDs in the presence of different concentrations of HCHO indicate
that the maximum absorption peak decreases with the increase in HCHO concentration
(Figure 3a). Additionally, the absorption peak has a clear blue shift. This implies that
GQDs are consumed in the interaction with HCHO. The PL lifetime decay of GQDs shows
a single exponential function, which is 1.51 ns. Additionally, the PL lifetime decay of
GQDs after interaction with HCHO (1 µg/mL) is 1.55 ns (Figure 3b). The PL lifetime of
GQDs before and after interaction with HCHO has hardly changed. This also implies that
HCHO interacts with GQDs to generate non-luminescent ground state complexes, and the
interaction is static quenching.
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The surface chemical composition was explored by XPS analysis. In full scan XPS
spectra of GQDs before and after the interaction with HCHO (Figure 3c,d), they show
strong signals of C1s (284.13 eV), O1s (530.31 eV) and Na1s (1075.00 eV) peaks. After
GQDs interacted with HCHO, the Na peak intensity became weaker. The decrease in Na
indicates the decrease in carboxyl content on the surface of GQDs, which is similar to
the result of FTIR spectra. The peak intensity ratios of O1s/C1s (RO/C) were calculated
from full survey XPS spectra. The RO/C decreased from 0.734 to 0.497. This indicates that
oxygen content in GQDs is largely reduced by HCHO. In the illustration of Figure 3c,d,
the high-resolution C1s XPS spectra can be fitted into three gaussian peaks at 284.5, 286.1
and 288.6 eV, which correspond to the sp2 carbon (C-C/C=C) in graphene, the sp3 carbon
(C-O), and the C=O. It can be seen from Figure 3c,d that the peaks at 288.6 eV have a
significant decrease compared with before the interaction. Correspondingly, the peaks
at 284.5 and 286.1 eV were enhanced. This means that the content of C=O was reduced,
but the sp2 and sp3 carbon appeared to increase. It also implies that the groups on the
surface of GQDs were changed. Figure S9 shows the pH of GQDs after interacting with
different concentrations of HCHO (0–2.0 µg/mL). The results show that the pH of GQDs
did not change with the addition of HCHO, suggesting that the carboxyl groups on the
surface of GQDs did not interact with HCHO. Figure S10 shows the Raman spectra of
GQDs before and after the interaction with HCHO. Since the D peak of GQDs is too weak,
we roughly compared the ID/IG of GQDs before and after the interaction with HCHO.
After GQDs interacted with HCHO, the ID/IG value changed from 0.295 to 1.05, indicating
that sp3 carbon increased, which was consistent with the XPS data. The PL lifetime decay,
UV-Vis absorption spectra, XPS and Raman spectra together intimate that the quenching
mechanism of HCHO to GQDs is static quenching.
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3.5. Detection of HCHO in Actual Food

To evaluate the applicability of the GQDs fluorescence probe, the performance of
GQDs in three common meat samples (pork, chicken and hairtail) was investigated. HCHO
in food samples is extracted by steam extraction. As can be seen from the image (Figure 4b),
the extracts of the three foods basically did not quench the fluorescence of GQDs. However,
the HCHO content in hairtail is slightly higher, compared with pork and chicken. We can
see that the concentration of HCHO in hairtail is obviously less than 0.2 µg/mL, which
means that the HCHO content in hairtail is less than 8 mg/kg, which is within the safe
range. When 2 µg/mL of HCHO was added to water and three food extracts, all solutions
showed an equal drop. Quite good consistency was obtained, demonstrating that the
matrix effect of these water and food samples is negligible.
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In addition, we made GQDs into test papers in order to further facilitate the application.
Use test paper to quickly detect whether HCHO is added to food. Foods immersed in a
HCHO solution usually have higher HCHO content than the detection range of GQDs.
Therefore, at room temperature, the fluorescence of GQDs can be quenched by HCHO
volatilized in the food in a short time. As shown in Figure 4c, the GQDs test paper in
the normal sample emits cyan fluorescence under the irradiation of an ultraviolet lamp,
and the fluorescence is not quenched. In the contaminated sample, through volatilization,
HCHO is transferred from the food to the GQDs fluorescent test paper, quenching the
cyan fluorescence of GQDs. Therefore, GQDs fluorescent test paper no longer emits cyan
fluorescence. Preliminary experiments show that GQDs have great potential in making
fluorescent test paper of HCHO. These results are quite encouraging, suggesting the
potentially wide and practical application of the GQDs sensor.

4. Conclusions

In this work, we have proposed a method to detect HCHO in pure water solvent
through a GQDs fluorescent probe. The detection of HCHO is based on static quenching
to achieve the effect of fluorescence “turn-off”. GQDs have been proven to have high
sensitivity to trace HCHO (0–3 µg/mL) in aqueous solution, and the HCHO concentration
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has a very good linear relationship with the fluorescence intensity of GQDs within the
HCHO concentration range of 0–1 µg/mL. In particular, it can quantitatively analyze the
HCHO concentration in many food and water samples in the real world. We have also
prepared a GQDs fluorescent test paper to visually detect HCHO in foods, which shows
that it has great potential practical application value.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13095273/s1, Figure S1. The TEM images of GQDs, Figure S2. The size distribution of
GQDs was measured by dynamic light scattering in aqueous solution, Figure S3. UV-Vis absorption
spectrum GQDs, Table S1: The zeta potential of GQDs before and after the interaction with HCHO,
Table S2: UV absorption and its corresponding fluorescence spectrum integral area of quinine sulfate,
Table S3: UV absorption and its corresponding fluorescence spectrum integral area of GQDs, Figure
S4: (a) The relationship of fluorescence spectrum integral area of GQDs and its absorption; (b) the
relationship of fluorescence spectrum integral area of quinine sulfate and its absorption, Figure S5.
The stability of GQDs fluorescence intensity over time at 4 ◦C, Figure S6: FTIR of GQDs before
and after the interaction with HCHO, Figure S7: Fluorescence intensity of different concentrations
of GQDs, Figure S8: The interaction time of HCHO and GQDs, Table S4. The comparison of the
detection limit and linear range of our probe and some existed ones, Figure S9. The pH of GQDs
after interacted with different concentrations of HCHO, Figure S10. The Raman spectrum of GQDs
before and after the interaction with HCHO.
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