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Abstract: The colorless and odorless ethylene glycol is prone to unknowingly causing poisoning,
making preventive monitoring of ethylene glycol necessary. In this paper, scandium (III) trifluo-
romethanesulfonate was used as a catalyst to successfully prepare covalent organic framework (COF)
nanospheres linked by imines at room temperature. The COF nanospheres were characterized by
XRD, SEM, TEM, FT-IR, UV-Vis and BET. The results show that COF nanospheres have rough surfaces
and a large number of mesoporous structures, which greatly increase the active sites on the surface
of the sensing material and enhance the gas sensing performance. The sensing results showed that
the prepared imine-conjugated COF nanospheres exhibited a good response-recovery ability for
10 consecutive response-recovery cycles for ethylene glycol at room temperature and had a theoretical
detection limit of 40 ppb. In addition, the responses of COF nanospheres to nearly 20 interfering
gases, including HCl, HNO3, phenol, formaldehyde and aniline, are relatively low compared to
the response to ethylene glycol, indicating that the COF nanospheres have high selectivity towards
ethylene glycol. The COF nanospheres show good sensitivity and selectivity for the detection of
ethylene glycol, which should be attributed to the large specific surface area, hydrogen bonding
interactions, and high defects. This work provides an effective method for the detection of ethylene
glycol and expands the application field of COF materials.

Keywords: ethylene glycol sensor; covalent organic frameworks; selectivity; long-term stability

1. Introduction

Ethylene glycol (CoHgO,) is a widely used organic chemical, often used as an organic
solvent in automotive antifreeze and in paints and coatings. C;HgO; is highly toxic and
lethal, mainly because of its colorless and odorless nature, which can lead to unintentional
inhalation and subsequent difficulty in determining the cause of poisoning [1]. If left
untreated after inhalation, C;H¢O, is metabolized to glycolic acid and oxalic acid, leading
to metabolic acidosis, acute renal failure and death [2,3]. In addition, C;H¢O; is highly
flammable, and its vapors readily ignite or detonate when exposed to open flames [4], mak-
ing the development of high-performance C,HgO, sensors critical to protecting individuals
from its hazards.

Therefore, preventive detection of C;HgO; is necessary and important for the pre-
vention of poisoning and combustion. Currently, commonly used methods for C;HgO,
detection include gas chromatography [5], spectrophotometry [6] and flame ionization
detection [7]. However, due to the complexity of these methods and the inability to detect
CyHgO; in real time, they can only be used as a means of chemical analysis and detection
for gas detection and monitoring [8,9]. As an important device for detecting and measuring
the type and concentration of gases in the environment, gas sensors are characterized by
simple operation and short detection time compared to other gas detection methods [10-12].
For example, a variety of gas sensors have been developed for the detection of C;HgO,: Liu
et al. prepared ZnO/ZnCo,0,4 composites using a one-step hydrothermal method, which
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showed a high response to, and excellent selectivity for, Co;HgO; at 160 °C [13]. Ding et al.
prepared ZnO/rGO nanosheets using chemical precipitation and hydrothermal methods
and obtained the best gas sensitivity through high-temperature annealing treatment at
220 °C. The best gas sensitivity was obtained at 220 °C [14]. However, these C;H¢O,
sensors need to be at high temperatures for optimal performance [15], which itself carries a
certain degree of danger [4]. Therefore, there is an urgent need for an ambient-temperature
C,HgO, sensor.

Covalent organic frameworks (COFs) are a new class of crystalline porous materi-
als consisting of light elements bonded by strong covalent bonds [16,17]. COFs have
many unique properties, such as 7-m conjugated structure, good electrical conductivity
and large specific surface area, and the various functional groups and chemical bonds
present in the backbones of the COFs provide a rich variety of active sites. Recently, COFs
have been widely used in many fields [18,19]. COFs are also used for gas-sensitive de-
tection; for example, Choi et al. combined COFs with rGO to achieve selective detection
of NO; [20]. Krishnaveni et al. hybridized Pd NPs with imine-based covalent organ
skeletal nanosheets (ePd@TpPa-SO3H COFs) to achieve high-performance detection of
H, [21], which greatly expanded the application areas of COFs. However, there are no
COFs available for Co,HgO, detection.

Preventive detection of C,HgO, is important as it is a VOC that can easily cause
poisoning. In this work, COF nanospheres with rough surfaces and a large number of pore
structures were successfully prepared by using scandium (III) trifluoromethanesulfonate
(Sc(OTf)3) as a catalyst to promote the synthesis of imine bonding between monomers via a
dehydration reaction under room-temperature conditions. The high sensitivity and good
selectivity of the COF nanosphere sensors for C;HgO; at room temperature were attributed
to their large specific surface area, pore structure and abundant functional groups, which
added a large number of active sites for gas adsorption.

2. Materials and Methods
2.1. Materials and Reagents

The materials and reagents involved in this work are described in the Supplemen-
tary Materials.

2.2. Preparation of Materials

First, 70.3 mg of 1,3,5-tris(4-aminophenyl) benzene (TAPB) and 63.06 mg of 4,4'-
biphenyldicarbaldehyde (BPDA) were added to an 8 mL mixture of 1,4-dioxane and
1,3,5-trimethylbenzene (4/1, v/v) in a centrifuge tube and sonicated immediately until
the monomers were completely dissolved. This mix resulted in the formation of a yellow
solution. Next, 17.7 mg of catalyst Sc(OTf); was weighed and added to the resulting mixed
solution, which was immediately covered and shaken vigorously to thoroughly mix the
catalyst and mixed solution, producing a large amount of red precipitate during shaking.
The mixture was incubated at room temperature for 72 h, during which the red precipitate
gradually formed a spongy shape and deepened in color. The precipitate was collected by
centrifugation and repeatedly washed and centrifuged with methanol (CH3OH) 5 times to
remove unreacted monomers and catalysts. Finally, the precipitate was dried overnight
in a vacuum drying oven at 70 °C. Eventually, a red COF powder was obtained, hereafter
referred to as COFpg.

2.3. Sensor Preparation and Gas-Sensitive Testing

Sensor preparation: The previously prepared COFtp was put into a mortar and ground
into powder. A certain amount of acetonitrile was added to the mix and sonicated for
5 min. After waiting for the excess COFrp to precipitate, the light-red solution of the upper
layer was collected. The solution was dripped onto the silver interdigital electrodes and
dried, forming a reddish COFrp film on the electrode. The interdigital electrodes have a
13 mm x 7 mm X 0.5 mm alumina ceramic substrate with 5 pairs of silver fork fingers with
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a spacing of 200 pm between two fingers. After the sensor was prepared, it was stored at
room temperature for about 24 h before use.

Gas sensitivity test: The gas sensitivity test was performed using a static test
method [22], using a multi-function probe station (CGS-MT, Beijing, China), with a test
voltage of 4 V. In order to minimize the interference of external environmental influences
on the tests, the following methods were used to prepare the experimental gases: two clean
experimental vessels of the same volume were filled with the same air to obtain the same
initial environment, after which one vessel was sealed directly as the comparison air, and
the other was added with the test liquid to be used as the target gas after the liquid was
evaporated. The response is defined as response = (Igas — Lair)/Tair X 100%, where Igas and
L are the current of the sensor in the comparison air and target gas, respectively. The
response time is defined as the time to reach 90% of the stable response value, and the
recovery time is defined as the time to reach within 10% of the initial response value.

2.4. Characterization of Materials

The morphology of the samples was characterized by scanning electron microscopy
(SEM, Thermo Fisher, Quattro S, Waltham, MA, USA) and transmission electron microscopy
(TEM, JEOL, JEM 2100 E, Tokyo, Japan). The structure and composition of the samples
were characterized using X-ray diffraction (XRD, Ultima, UltimalV, Tokyo, Japan) and
Fourier-transform infrared spectroscopy (FI-IR, Bruker, VERTEX 70 RAM]I, Ettlingen, Ger-
many). The absorbance of the samples was determined using ultraviolet—visible absorption
spectroscopy (UV-Vis, PerkinElmer, Lambda 650, Waltham, MA, USA). Specific surface
area was measured by using a multi-station extended automatic surface area and porosity
analyzer (Micromeritics, ASAP 2460, Norcross, GA, USA).

3. Results and Discussion
3.1. Structure and Composition of the COFp Sample

For the synthesis of COFtg, the first step is to weigh 0.1 mmol of the two monomers
and dissolve them in a mixture of 1,4-dioxane and trimethylbenzene (4/1, v/v). During
this step, it is necessary to pay attention to the inside of the container at all times to prevent
the monomers from forming a precipitate in solution, and to sonicate the two monomers
until they are completely dissolved immediately upon their addition to the mixture. Errors
in this step can cause inconsistency in the color of the synthesized material. Next, the
catalyst was added to the mixture, and the container was immediately capped and shaken
vigorously to fully mix the catalyst and the mixture solution, which was then incubated
at room temperature for 72 h. Sc(OTf)3 acts as a Lewis acid to catalyze the synthesis of
imine bonds during the reaction and has a higher catalytic efficiency compared to the use
of acetic acid as a catalyst for the synthesis of COFs, and an excess of Lewis acid inhibits the
exchange of imine bonds [23,24]. At the end of the reaction, the products were separated by
centrifugation, and the precipitate was washed with methanol five times in order to remove
unreacted monomer and catalyst that could interfere with subsequent characterization
and testing. To prepare the sensor, the synthesized material was dissolved in acetonitrile
solution, and the upper layer of the solution was collected and drop coated to ensure that
the COF film on the sensor was of uniform thickness. Finally, the sensor was left for a
period of time before use (Figure 1).

The XRD spectrum of COFrp is shown in Figure 2a, in which a few diffraction peaks
can be observed, including a diffraction peak corresponding to the (200) crystalline plane.
This peak indicates that the crystallite of the synthesized material is poor [25], suggesting
that the rapid and large generation of the imine bond during the synthesis process leads to
the disordered structure of the material. The functional groups of COFrg were next ana-
lyzed using FT-IR (Figure 2b), and the stretched vibrational band located at 1617 cm ™! [26]
was attributed to C=N, confirming the successful synthesis of the imine bond. There were
no characteristic peaks of N-H observed in the range of 3100-3400 cm 1 [27] in the infrared
spectra, suggesting that the obtained COFrp lacked the presence of unreacted amino groups
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at the edge. Furthermore, a weak vibration of C=O was observed at 1697 cm 1 [28], which
was attributed to the presence of an unreacted aldehyde end group at the edge of COFrg.
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Figure 1. The preparation process of the COFrp sensor.
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Figure 2. (a) XRD patterns of COFrg. (b) FI-IR spectra of COFrp. (c) N, adsorption/desorption
isotherms and (d) pore size distribution of COFrp.

Next, to gain a more comprehensive understanding of the specific surface area and
pore size distribution of the specimen, N, adsorption/desorption experiments were con-
ducted on the material at a temperature of 77 K. The Brunauer-Emmett-Teller (BET) curve
(Figure 2c) of the material is a typical type II curve, reflecting that the adsorption process
of COFrp is a physical adsorption process of non-porous or microporous adsorbent. This
indicates that COFrp has a large pore size, which may be due to the pleats on the surface of
the COFtp nanosphere and the pore holes formed by the nanosphere stacking [29]. The
NLDFT/GCMC method was then used to analyze the pore size distribution curve of the
sample (Figure 2d). It can be seen that the sample has a wide range of pore size distribution,
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with a large number of mesoporous and microporous structures. The calculated specific
surface area of COFrp was 10.04 m?g~! and the average pore size was 19.8 nm.

In order to understand the effect of material morphology on gas-sensitive properties,
the morphological structure of the samples was analyzed using SEM and TEM. The SEM
images of the material are shown in Figure 3a—c, demonstrating that COFrp is composed of
nanoparticle agglomerates with a particle size of about 500 nm, which form many channel
structures. Further magnification shows that COFrp has a rough surface which increases
the reaction area of the material, is conducive to the adsorption of the gas molecules on
the surface and improves the gas sensing performance [30-32]. Figure 3d—f show the
TEM images of the material, in which it can be seen that the COFrp material is a solid
spherical structure and there are multiple spheres stacked together. Figure 3g shows that
the COFrp material has a highly disordered texture, which suggests that the material has
an amorphous structure. This same conclusion was derived from the XRD results [33].

100 nm o 50 nm

Figure 3. (a—c) SEM and (d-g) TEM of COFr.

3.2. Gas Sensitivity of COFrp

Next, the gas-sensitive properties of COFrg were investigated. The response value,
response time and recovery time of COFrg to CoHgO, and 19 other gases (including
DMSO, NMP, HCl, HNO3, C¢HqO, CH,0, C¢HyN, CH40, NH3, C3HgO, C;HO, C7Hg,
CyH3N, C7HgO, CgH4O,, CoHyp, O3, C4HgO,, HyO,) at room temperature were compared.
Figure 4a shows a histogram of the response size of COFrp to different gases, showing
that the response value of C;HgO; is 13.9k%, or more than 7.8-times that of other gases,
reflecting the better selectivity of the COFtp gas sensor. Figure 4b shows a histogram of the
response time and recovery time: the response time of Co;HgO; is 71 s, which is slower due
to the fact that the adsorbed oxygen on the surface is not enough to oxidize the adsorbed
CyHgO,, while the recovery time is 13.7 s. Figure S2 shows three response cycles of the
COFrp sensor for 20 different atmospheres, including Co;HgO,. In summary;, it can be seen
that the COFrp sensor has good selectivity in detecting CoHgO;. As shown in Figure S2,
when the sensor is exposed to a reducing gas (such as CH4O, NH3 and C3HgO), the current
rises rapidly, indicating a decrease in the resistance of the sensor. Reducing gases provide
electrons to the COFrp sample, and the decrease in resistance when the sensor is exposed
to reducing gases suggests that COFrp has n-type semiconducting properties [25].
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Figure 4. (a) Histograms of the magnitude of the response of COFyp to different gases (500 ppm),
and (b) histograms of the response time and recovery time to different gases.

In order to further evaluate the theoretical limit of detection (LoD) of the samples,
the sensing curves were tested for different concentrations of C,H¢O, (Figure 5a), and a
histogram of averages and error bars is illustrated in Figure S3. It can be seen that the
magnitude of the response of C;H¢O; is positively correlated with the concentration of
CyHgO,. The linear relationship between the response of the samples and the concentration
is shown in Figure 5b. The response value of COFrp is linear with the magnitude of the
concentration of C;HgO; at concentrations ranging from 1 to 5 ppm. This is based on
LoD = 3Sp/m, where Sp is the standard deviation of the noise in the response curve with
a magnitude of 0.00507, and m is the slope of the linearly fitted curve with a magnitude
of 0.381. Based on these calculations, the LoD of the COFtp is about 0.04 ppm, which
indicates that the COFtp has a high sensitivity to CoHgO;. The insert in Figure 5a shows
the response-recovery time of COFrp for 1 ppm CyHgO;: the response time is 21 s and
recovery time is 1 s. Figure 5c shows 10 consecutive response-recovery cycles of COFtg
for 500 ppm C,HeO,, which demonstrates the high reproducibility of the COFtp-based
sensor under 500 ppm C;HgO, conditions. Figure 5d shows a line graph of the fluctuation
in 10 stable response-recovery cycles, and it can be seen that the fluctuation in 10 response
cycles is small, again emphasizing the good experimental reproducibility. These results
further demonstrate the potential of COFrp in CoHgO, detection applications.
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Figure 5. (a) COFtp sensing curves for different concentrations (1-5 ppm) of C;HgO, atmospheres at
room temperature, and the insert is amplification of a response-recovery cycle; (b) linear fit between
response values and C,HzO, concentration, and the insert is standard deviation diagram; (c) ten
response-recovery periods and (d) fluctuations of response value; (e) schematic of COFrp testing
at 65% RH for 500 ppm CyHgO;y; (f) response curves to 500 ppm CoHgO, at 33% RH and 65%
RH, respectively.

Ambient humidity is also an important factor affecting the performance of gas sensors.
The response of COFrp to different relative humidity (RH) was tested, as shown in Figure S4.
With the increase in RH, the response of COFrp to RH shows an increasing trend and reaches
1.73k% at 95% RH, which is about 12.6% of the response to 500 ppm C,HzO,. Meanwhile,
according to the test method in Figure 5e, we also tested the response curve of the sensor
under common humidity (33% RH and 65% RH), as in Figure 5f. The response value
decreased by 8.5% at 65% RH compared to 33% RH, but it did not have much effect on the
ability of COFrp to detect CoHgO, under common humidity.

Long-term stability is crucial for the lifetime of gas-sensitive materials, and the re-
sponse curves of COFrp to 500 ppm C,HgO» at 0, 25, and 50 days are shown in Figure
S5. Figure S5 shows that there is a decreasing trend in the response value of the samples
to CoHgO,, which decreased by 7.4% after 25 days and 14.9% after 50 days, but this had
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little effect on the detection performance of the samples. Hydrolysis of the imine bonds
in the samples over time may be the cause of this phenomenon, where the breakage of
the imine bonds causes changes in the internal structure of the material, leading to the
destruction of the original conductive structure [34] and, thereby, increasing resistance.
Moreover, the hydrophilic groups in the materials make the COF materials hydrophilic,
which may also accelerate the hydrolysis of imine bonds [35]. It may be possible to improve
the long-term stability of COFs and their resistance to humidity by adding hydrophobic
functional groups [36].

Table 1 summarizes the recent studies of various C;HgO; sensors. By comparing the
different metrics, it can be seen that COFrp has obvious advantages in the detection of
CyHgO,: COFrp was synthesized under milder conditions, showed excellent selectivity and
response to CoHgO; at room temperature, and had a low detection limit, demonstrating
a high sensitivity. These comprehensive indices prove the potential application value of
COFs as gas-sensitive materials.

Table 1. Various glycol sensors reported in recent literature.

Materials Concentration (ppm) Response Pr;})eatll‘la(:g)n (]I;(I)’E) T(iré‘)p
ErFeOs [32] 100 15.8P Electrostatic spinning 35 230
Zn0O/ZnCoy0y4 [13] 100 15.63 P Hydrothermal method 1590 160
ZnO/rGO [14] 100 277b Hydrothermal method 1000 200
CuO/Co304 [4] 100 63" Hydrothermal method - 130
SmFeOj3 [37] 100 18.19° Electrostatic spinning and calcination - 240
NTO [38] 100 160.72 b Chemical vapor deposition 472 125
G-NiO-ZnO [39] 100 142°b Hydrothermal method - 140
La-doped ZnSnO; [40] 100 1488.79 Hydrothermal method 200 140
(SEMCs)/SnO; [41] 100 132b Carbonization and activation 4.8 160
This work 500 13,880 2 Normal temperature catalyst synthesis 40 RT

@ (Rgas — Rm’r)/Rgus x 100%; P Reas /Raiy-

3.3. Analysis of Sensing Mechanism

As shown in Figure S6, the linear current-voltage (I-V) indicates ohmic contact be-
tween the COFtp and the electrode [42,43]. The main factors affecting the sensitivity and
selectivity of COFrp materials with n-type semiconductor properties should be attributed to
the large specific surface area, hydrogen bonding interactions and high defects [25,33,44,45].

Firstly, COFtp has a specific surface area of 10.04 m?g~! and a spherical rough surface,
which provides a large number of active sites for adsorption. The average pore size
of COFrp is 19.8 nm, which provides a large number of channels for the diffusion and
transport of gas molecules [46]. Numerous pores allow the COFtp sample to better bind
with gas molecules, which improves the sensing response.

Secondly, the presence of a large number of imine bonds and amino functional groups
in COFrp may make it easier for different gas molecules to be adsorbed onto the surface of
COFtp nanospheres through hydrogen bonding (Figure 6). The electron depletion layer (L)
is positively related to the oxygen ion concentration (N;) on the surface of sensing materials
and inversely related to the charge carrier concentration (IN;) of the sensing material, as
shown in Equation (1). The change of L causes a change in the resistance of the sensing
material, and the greater the change of L, the better the gas sensing performance of the

sensing material.
N2 N
Lo |5 =— 1
VN2 Ny @
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Figure 6. Sensing mechanism of sensor based on COFrp to CoHgO, vapor.

When the material is exposed to ambient air, hydrogen bonds are formed between
the large amount of N-H exposed on the surface of the COFrp and the O, in the air, thus
adsorbing the O, on the surface (Figure 6). Due to the strong electronegative nature of
oxygen atoms, oxygen molecules capture electrons from the surface of the COFrg material,
as shown in Equation (2), which is converted into chemisorbed oxygen-negative ions at
room temperature. Because the temperature is lower than 100 °C, oxygen molecules which
capture an electron are then converted into O, ~, as shown in Equation (3) [33].

O3 (gas) = O3 (ads) @

O, (ads) + e~ — O, (ads) (<100 °C) 3)

Due to the adsorption of O, molecules, the electrons of the COFtp material were
taken away, the carrier concentration decreased, and the L increased [34]. The increasing L
hinders the electron transport in the material and causes the resistance of the material to
rise [35]. When the COFrp material is exposed to CoHgO, vapor, the N atoms of the COFrp
material form hydrogen bonds with the -OH of C;HO,, which makes it easier for C;HgO,
molecules to adsorb onto the surface of the COFyg material. The CoHgO, molecules and
O, ™ on the surface of the COFrp material undergo the reaction shown in Equation (4).
Electrons are released and return to the conduction band of COFrg material; the L and
the resistance of the material decrease [17]. At the same time, Co,H¢O, has a stronger
electron-donating ability than other gases [4], which also makes the COFrp material have a
higher response to C;HgO5.

2CHeO, + 50,7 -4 CO; + 6 HyO + 5e™ 4)

Finally, the disordered structure formed during the synthesis of COFg improves
the conductivity of the material. Crystalline COFs have poor gas-sensitive properties
due to the presence of many crystal boundaries, which prevent the migration of carriers.
Conversely, disordered COFs form a three-dimensional conductive network due to the
lack of such boundaries, which facilitates the transfer of carriers through the material and
contributes to the improvement in the gas-sensitive properties of the material [25]. The
reason for the poor crystallinity of COFrp is related to the amount of catalyst and the
mechanism of synthesis of imine COFs. The synthesis of imine COFs is a dynamic and
reversible process. Firstly, a large number of amorphous structures are formed rapidly
by dehydration reactions between monomers, followed by a slow reorganization into
crystalline structures by reversible reactions of imine bonds [34], in which appropriate
amounts of catalyst and water are required. However, a large amount of catalyst was added
at one time during our experiments, which led to the rapid formation of many disordered
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amorphous structures. The excess catalyst and less water used inhibited the reversible
reaction of imine bonding [23], which made it difficult for the material to be transformed
into a crystalline material, so that the COFtp material with disordered structure and small
specific surface area was obtained [47] as indicated by the results of the XRD, TEM and
BET of the material. In conclusion, the synergies of large specific surface area, hydrogen
bonding interactions and high defects determine the high selectivity and sensitivity of
COFyp towards CoHgO».

4. Conclusions

In this work, COFs with highly defective amorphous structure were synthesized using
catalysts at room temperature, and the COFtp nanospheres with rough surfaces had high
specific surface area. The rapid synthesis method using catalysts greatly increased defects,
improved the electrical conductivity of COF materials and enhanced the sensitivity and
selectivity of COFrp to CoHgO; at room temperature, with a theoretical LoD of 40 ppb.
Moreover, COFrg maintained good sensitivity to C;HgO, vapor at room temperature under
common humidity environments, showing high sensing stability. This study expands the
application of COF materials and provides a CoHgO, sensor that is functional at room
temperature. However, the sensing performances of COFrp material still need to be
improved. For example, COFrp is susceptible to high humidity, and it may be possible to
improve the humidity resistance of the COFrp material by adding hydrophobic functional
groups to further expand the range of humidity at which the COFrp material can be applied.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano13243103/s1, Figure S1: Target gas preparation diagram;
Figure S2: Response-recovery curves of COFrg toward 20 different atmospheres (500 ppm); Figure S3:
Histogram of averages and error bars based on three responses; Figure S4: (a—c) Sensing curves of
COFrs for different humidity levels; Figure S5: Long-term stability of COFrg to 500 ppm C,HgO»;
Figure S6: I-V curves of COFrg.

Author Contributions: Conceptualization, S.L., G.Z., W.Z,, N.T,, Q.S. and Z.W.; investigation, data
curation, formal analysis, visualization, writing—original draft preparation, S.L.; resources, super-
vision, Z.W.; writing—review and editing, N.T. and Z.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (21964016),
Xinjiang National Science Fund for Distinguished Young Scholars (2022D01E37), Key programs of
Xinjiang Natural Science Foundation (2022B02051), Tianshan Innovation Team Program of Xinjiang
Uygur Autonomous Region (2023D14001) and Xinjiang University Outstanding Doctoral Student
Innovation Program (XJU2023BS027).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Filip, A.B.; Farnsworth, C.W.; Mullins, M.E.; Crews, B.O.; Kraut, J.A. Accuracy of a Glycerol Dehydrogenase Assay for Ethylene
Glycol Detection. J. Appl. Toxicol. 2023, 19, 362-367. [CrossRef] [PubMed]

2. El Menyiy, N.; Al Waili, N.; Bakour, M.; Al-Waili, H.; Lyoussi, B. Protective Effect of Propolis in Proteinuria, Crystaluria,
Nephrotoxicity and Hepatotoxicity Induced by Ethylene Glycol Ingestion. Arch. Med. Res. 2016, 47, 526-534. [CrossRef] [PubMed]

3. Roberts, D.M.; Lea-Henry, T.N. Simplifying the hemodialysis prescription in patients with ethylene glycol poisoning. Kidney Int.
Rep. 2017, 92, 291-293. [CrossRef] [PubMed]

4. Su, C.; Li, M.; Zhang, Y,; Liu, T.; Ren, C.; Li, P; Yin, X.; Zhang, L.; Zhang, M.; Wu, W. Boosting Ethylene Glycol Sensing
Performance with Dendritic Hierarchical CuO/Co0304 Heterojunction Nanowire. ACS Appl. Mater. Interfaces 2023, 6, 19249-19256.
[CrossRef]

5. Robson, J.; Townsend, S.; Bowdler, P.; Honeychurch, K.C. Direct thermal desorption gas chromatographic determination of
toxicologically relevant concentrations of ethylene glycol in whole blood. Analyst 2018, 143, 963-969. [CrossRef] [PubMed]

6.  Sankaralingam, A.; Thomas, A.; James, D.R.; Wierzbicki, A.S. Assessment of a semi-quantitative screening method for diagnosis

of ethylene glycol poisoning. Ann. Clin. Biochem. 2016, 54, 501-503. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/nano13243103/s1
https://www.mdpi.com/article/10.3390/nano13243103/s1
https://doi.org/10.1007/s13181-023-00967-x
https://www.ncbi.nlm.nih.gov/pubmed/37695470
https://doi.org/10.1016/j.arcmed.2016.12.010
https://www.ncbi.nlm.nih.gov/pubmed/28262194
https://doi.org/10.1016/j.kint.2017.03.051
https://www.ncbi.nlm.nih.gov/pubmed/28709598
https://doi.org/10.1021/acsanm.3c03690
https://doi.org/10.1039/C7AN02095C
https://www.ncbi.nlm.nih.gov/pubmed/29369312
https://doi.org/10.1177/0004563216672892
https://www.ncbi.nlm.nih.gov/pubmed/27687084

Nanomaterials 2023, 13, 3103 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ford, L.T.; Berg, ].D. Five-year review of a UK 24 hour testing service for plasma ethylene glycol and diethylene glycol. Ann. Clin.
Biochem. 2015, 53, 459-465. [CrossRef]

Aslani, S.; Armstrong, D.W. High information spectroscopic detection techniques for gas chromatography. J. Chromatogr. A 2022,
1676, 463255. [CrossRef]

Zavabhir, ].S.; Nolvachai, Y.; Marriott, P.J. Molecular spectroscopy—Information rich detection for gas chromatography. Trends
Analyt. Chem. 2018, 99, 47-65. [CrossRef]

Pereira, PEM.; de Sousa Picciani, PH.; Calado, V.; Tonon, R.V. Electrical gas sensors for meat freshness assessment and quality
monitoring: A review. Trends Food Sci. Technol. 2021, 118, 36-44. [CrossRef]

Potyrailo, R.A. Multivariable Sensors for Ubiquitous Monitoring of Gases in the Era of Internet of Things and Industrial Internet.
Chem. Rev. 2016, 116, 11877-11923. [CrossRef]

Travlou, N.A.; Bandosz, T.J. Nanoporous carbon-composites as gas sensors: Importance of the specific adsorption forces for
ammonia sensing mechanism. Carbon 2017, 121, 114-126. [CrossRef]

Liu, M.M.; Ma, S.Y,; Cai, Y.H.; Ma, N.N.; Wang, L.; Sheng, H. ZnO/ZnCo,0, composite prepared by one-step hydrothermal
method for high-performance ethylene glycol sensor. Ceram. Int. 2022, 48, 22305-22312. [CrossRef]

Ding, J.; Dai, H.; Chen, H,; Jin, Y,; Fu, H.; Xiao, B. Highly sensitive ethylene glycol gas sensor based on ZnO/rGO nanosheets.
Sens. Actuators B Chem. 2022, 372, 132655. [CrossRef]

Wang, X.; Zhang, W.; Wang, X.; Li, X; Sui, X,; Jiang, H.; Liu, G.; Li, B.; Sheng, Y.; Zhou, J.; et al. Heterostructure engineering of
NiO foam /In2S3 film for high-performance ethylene glycol gas sensors. Sens. Actuators B Chem. 2023, 392, 134110. [CrossRef]
Wang, J.; Zhuang, S. Covalent organic frameworks (COFs) for environmental applications. Coord. Chem. Rev. 2019, 400, 213046.
[CrossRef]

Meng, Z.; Mirica, K.A. Covalent organic frameworks as multifunctional materials for chemical detection. Chem. Soc. Rev. 2021,
50, 13498-13558. [CrossRef] [PubMed]

She, P; Qin, Y.; Wang, X.; Zhang, Q. Recent Progress in External-Stimulus-Responsive 2D Covalent Organic Frameworks. Adv.
Mater. 2021, 34, 2101175. [CrossRef] [PubMed]

Yang, Z.; Mei, A.; Chen, W.; Wang, Z.; Guo, H.; Liu, Y. Control of morphology of covalent organic framework-5 for chemiresistive
low-temperature ammonia sensors. Sens. Actuators B Chem. 2023, 392, 134051. [CrossRef]

Choi, J.; Kim, T.; Li, H.; Jung, H.-T.; Zhao, D. Gas Sensors with Two-Dimensional rtGO@COF Composite Materials for Fast NO,
Detection under Room Temperature. ACS Appl. Mater. 2023, 15, 44119-44126. [CrossRef]

Krishnaveni, V.; Esclance Dmello, M.; Sahoo, P.; Thokala, N.; Bakuru, V.R.; Vankayala, K.; Basavaiah, K.; Kalidindi, S.B. Palladium-
Nanoparticle-Decorated Covalent Organic Framework Nanosheets for Effective Hydrogen Gas Sensors. ACS Appl. Nano Mater.
2023, 6, 10960-10966. [CrossRef]

Sun, Q.; Wu, Z.; Cao, Y.; Guo, J.; Long, M.; Duan, H.; Jia, D. Chemiresistive sensor arrays based on noncovalently functionalized
multi-walled carbon nanotubes for ozone detection. Sens. Actuators B Chem. 2019, 297, 126689. [CrossRef]

Matsumoto, M.; Dasari, R R.; Ji, W.; Feriante, C.H.; Parker, T.C.; Marder, S.R.; Dichtel, W.R. Rapid, Low Temperature Formation of
Imine-Linked Covalent Organic Frameworks Catalyzed by Metal Triflates. |. Am. Chem. Soc. 2017, 139, 4999-5002. [CrossRef]
Giuseppone, N.; Schmitt, J.L.; Lehn, ].M. Generation of Dynamic Constitutional Diversity and Driven Evolution in Helical
Molecular Strands under Lewis Acid Catalyzed Component Exchange. Angew. Chem. Int. Ed. 2004, 43, 4902-4906. [CrossRef]
[PubMed]

Niu, E; Shao, Z.-W.; Zhu, J.-L.; Tao, L.-M.; Ding, Y. Structural evolution of imine-linked covalent organic frameworks and their
NH3 sensing performance. J. Mater. Chem. C 2021, 9, 8562-8569. [CrossRef]

Khalil, S.; Meyer, M.D.; Alazmi, A.; Samani, M.H.K.; Huang, P.-C.; Barnes, M.; Marciel, A.B.; Verduzco, R. Enabling Solution
Processable COFs through Suppression of Precipitation during Solvothermal Synthesis. ACS Nano 2022, 16, 20964-20974.
[CrossRef] [PubMed]

Sun, Y.; Song, S.; Xiao, D.; Gan, L.; Wang, Y. Easily Constructed Imine-Bonded COFs for Iodine Capture at Ambient Temperature.
ACS Omega 2020, 5, 24262-24271. [CrossRef] [PubMed]

Li, C; Ren, X.; Guo, M; Li, W,; Li, H.; Yang, Q. Highly active ultrafine Pd NPs confined in imine-linked COFs for nitrobenzene
hydrogenation. Catal. Sci. Technol. 2021, 11, 3873-3879. [CrossRef]

Sun, Q.; Wu, Z; Qin, Z.; Chen, X.; Zhang, C.; Cao, B.; Duan, H.; Zhang, J. A dog nose-inspired high-performance NH3 gas sensor
of biomass carbon materials with a pleated structure derived from rose tea. J. Mater. Chem. A 2022, 10, 14326-14335. [CrossRef]
Srinivasan, P.; Samanta, S.; Krishnakumar, A.; Rayappan, J.B.B.; Kailasam, K. Insights into g-C3N4 as a chemi-resistive gas sensor
for VOCs and humidity—A review of the state of the art and recent advancements. J. Mater. Chem. A 2021, 9, 10612-10651.
[CrossRef]

Singh, H.; Tomer, VK.; Jena, N.; Bala, I.; Sharma, N.; Nepak, D.; De Sarkar, A.; Kailasam, K.; Pal, SK. A porous, crystalline
truxene-based covalent organic framework and its application in humidity sensing. J. Mater. Chem. A 2017, 5, 21820-21827.
[CrossRef]

Wei, ].S.; Ma, S.Y,; Cai, Y.H.; Xu, C.Y,; Liu, ].M,; Jiang, H.T. A high-performance ethylene glycol sensor based on fibrous ErFeO3
prepared by electrostatic spinning. Ceram. Int. 2023, 49, 32611-32618. [CrossRef]

Qin, Z.; Wu, Z.; Sun, Q.; Sun, J.; Zhang, M.; Shaymurat, T.; Lv, C.; Duan, H. Biomimetic gas sensor derived from disposable
bamboo chopsticks for highly sensitive and selective detection of NH3. Chem. Eng. J. 2023, 462, 142203. [CrossRef]


https://doi.org/10.1177/0004563215603731
https://doi.org/10.1016/j.chroma.2022.463255
https://doi.org/10.1016/j.trac.2017.11.014
https://doi.org/10.1016/j.tifs.2021.08.036
https://doi.org/10.1021/acs.chemrev.6b00187
https://doi.org/10.1016/j.carbon.2017.05.081
https://doi.org/10.1016/j.ceramint.2022.04.235
https://doi.org/10.1016/j.snb.2022.132655
https://doi.org/10.1016/j.snb.2023.134110
https://doi.org/10.1016/j.ccr.2019.213046
https://doi.org/10.1039/D1CS00600B
https://www.ncbi.nlm.nih.gov/pubmed/34787136
https://doi.org/10.1002/adma.202101175
https://www.ncbi.nlm.nih.gov/pubmed/34240479
https://doi.org/10.1016/j.snb.2023.134051
https://doi.org/10.1021/acsami.3c10304
https://doi.org/10.1021/acsanm.3c01806
https://doi.org/10.1016/j.snb.2019.126689
https://doi.org/10.1021/jacs.7b01240
https://doi.org/10.1002/anie.200460343
https://www.ncbi.nlm.nih.gov/pubmed/15317005
https://doi.org/10.1039/D1TC01662H
https://doi.org/10.1021/acsnano.2c08580
https://www.ncbi.nlm.nih.gov/pubmed/36413762
https://doi.org/10.1021/acsomega.0c02382
https://www.ncbi.nlm.nih.gov/pubmed/33015443
https://doi.org/10.1039/D1CY00129A
https://doi.org/10.1039/D2TA02670H
https://doi.org/10.1039/D0TA12500H
https://doi.org/10.1039/C7TA05043G
https://doi.org/10.1016/j.ceramint.2023.07.228
https://doi.org/10.1016/j.cej.2023.142203

Nanomaterials 2023, 13, 3103 12 of 12

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Haase, F.; Lotsch, B.V. Solving the COF trilemma: Towards crystalline, stable and functional covalent organic frameworks. Chem.
Soc. Rev. 2020, 49, 8469-8500. [CrossRef]

Chen, X.; Kong, L.; Mehrez, ].A.-A.; Fan, C.; Quan, W.; Zhang, Y.; Zeng, M.; Yang, J.; Hu, N.; Su, Y,; et al. Outstanding Humidity
Chemiresistors Based on Imine-Linked Covalent Organic Framework Films for Human Respiration Monitoring. Nanomicro Lett.
2023, 15, 149. [CrossRef] [PubMed]

Chen, Y.-J.; Liu, M,; Chen, J.; Huang, X,; Li, Q.-H.; Ye, X.-L.; Wang, G.-E.; Xu, G. Dangling bond formation on COF nanosheets for
enhancing sensing performances. Chem. Sci. 2023, 14, 4824-4831. [CrossRef]

Han, T.; Ma, S.Y.; Xu, X.L.; Xu, X.H.; Pei, S.T.; Tie, Y.; Cao, P.F; Liu, WW.; Wang, B.].; Zhang, R.; et al. Rough SmFeOj3 nanofibers
as an optimization ethylene glycol gas sensor prepared by electrospinning. Mater. Lett. 2020, 268, 127575. [CrossRef]

Wang, X.; Zhang, W.; Wang, X; Li, X.; Sui, X.; Liu, G.; Li, B.; Zhou, J.; Xie, E.; Zhang, Z. Facile fabrication of NiO foam@Sn-doped
InpO3 nanowire heterosturctures for highly sensitive ethylene glycol gas sensors at low temperatures. Sens. Actuators B Chem.
2023, 377,132991. [CrossRef]

Su, C,; Zhang, L.; Han, Y.; Ren, C.; Li, B.; Wang, T.; Zeng, M.; Su, Y,; Hu, N.; Zhou, Z,; et al. Glucose-assisted synthesis of
hierarchical NiO-ZnO heterostructure with enhanced glycol gas sensing performance. Sens. Actuators B Chem. 2021, 329, 129167.
[CrossRef]

Zhao, G.; Li, M,; Li, H,; Ping, Z.; Wang, P.; Wu, Y.; Li, L. La-doped micro-angular cube ZnSnO3 with nano-LayO3 decoration for
enhanced ethylene glycol sensing performance at low temperature. Sens. Actuator A Phys. 2023, 362, 114649. [CrossRef]

Xu, X.L,; Jiang, H.T.; Wang, X.P; Wang, S.Y.; Liu, WW.; Ma, W.; Wang, M.Y.; Ma, S.Y. A novel glycol sensor of silkworm excrement
based microporous carbons (SEMCs)/SnO, nanoparticles. Vacuum 2023, 209, 11754. [CrossRef]

Chi, Y;; Han, J.; Zheng, J.; Yang, J.; Cao, Z.; Ghasemian, M.B.; Rahim, M.A.; Kalantar-Zadeh, K.; Kumar, P; Tang, J. Insights into the
Interfacial Contact and Charge Transport of Gas-Sensing Liquid Metal Marbles. ACS Appl. Mater. Interfaces 2022, 14, 30112-30123.
[CrossRef]

Liu, K.; Luo, P,; Han, W,; Yang, S.; Zhou, S.; Li, H.; Zhai, T. Approaching ohmic contact to two-dimensional semiconductors. Sci.
Bull. 2019, 64, 1426-1435. [CrossRef] [PubMed]

Yamazoe, N.; Shimanoe, K. Theory of power laws for semiconductor gas sensors. Sens. Actuators B Chem. 2008, 128, 566-573.
[CrossRef]

Wang, P.; Zheng, Z.; Cheng, X.; Sui, L.; Gao, S.; Zhang, X.; Xu, Y.; Zhao, H.; Huo, L. Ionic liquid-assisted synthesis of a-Fe,O3
mesoporous nanorod arrays and their excellent trimethylamine gas-sensing properties for monitoring fish freshness. J. Mater.
Chem. A 2017, 5, 19846-19856. [CrossRef]

Niavol, S.S.; Khatibani, A.B.; Hashemi Karouei, S.F.; Hejazi Juybari, S.A.; Moghaddam, H.M. Mesoporous Zn,SnOy for efficient
sensing of ethylene glycol vapor. Mater. Chem. Phys. 2023, 303, 127799. [CrossRef]

Smith, B.J.; Overholts, A.C.; Hwang, N.; Dichtel, W.R. Insight into the crystallization of amorphous imine-linked polymer
networks to 2D covalent organic frameworks. ChemComm 2016, 52, 3690-3693. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/D0CS01027H
https://doi.org/10.1007/s40820-023-01107-4
https://www.ncbi.nlm.nih.gov/pubmed/37286913
https://doi.org/10.1039/D3SC00562C
https://doi.org/10.1016/j.matlet.2020.127575
https://doi.org/10.1016/j.snb.2022.132991
https://doi.org/10.1016/j.snb.2020.129167
https://doi.org/10.1016/j.sna.2023.114649
https://doi.org/10.1016/j.vacuum.2022.111754
https://doi.org/10.1021/acsami.2c06908
https://doi.org/10.1016/j.scib.2019.06.021
https://www.ncbi.nlm.nih.gov/pubmed/36659701
https://doi.org/10.1016/j.snb.2007.07.036
https://doi.org/10.1039/C7TA06392J
https://doi.org/10.1016/j.matchemphys.2023.127799
https://doi.org/10.1039/C5CC10221A

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Preparation of Materials 
	Sensor Preparation and Gas-Sensitive Testing 
	Characterization of Materials 

	Results and Discussion 
	Structure and Composition of the COFTB Sample 
	Gas Sensitivity of COFTB 
	Analysis of Sensing Mechanism 

	Conclusions 
	References

