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ABSTRACT: Developing sensitive sensors to trimethylamine GQDs with different Trimethylamine
(TMA) remains a topic of great interest in areas such as food ox%mum ) Gas-sensing
quality analysis and disease biomarkers. To address this issue, 2 DFT caleulations ~ measurements
chemiresistive sensors were proposed using graphene quantum dots s 1 . 3;’{*0

(GQDs) with different proportions of hydroxyl (GQDs-OH),  aabs s £ g.|"F {
epoxy (GQDs-epoxy), and carboxyl (GQDs-COOH) groups. b g | = 5 e cooon | —5

These materials exhibited different sensitivities to TMA, with 2 —ae g "I o m
GQDs-OH being the most sensitive, presenting a detection limit of 5 Gaoro0n Gao Emn GaBkoN
0.3 ppm and a response of about 4 and 2.5 times higher than those < o Potential energy

of GQDs-COOH and GQDs-Epoxy, respectively. This difference in K curves

sensitivity was elucidated by building, based on density functional s

theory calculations, potential energy curves of the interaction

between TMA and three GQD models. Noncovalent interaction and atoms in molecular analysis were also used to explain the
difference in interaction in each model. Our results highlight that the proportion of the oxygen functional groups has a major role in
modulating the sensitivity against TMA, with the hydroxyl group providing the greater sensitivity. This was elucidated through
computational simulations, which also explained the lower sensitivity of the other materials. Our work serves as a practical guide,
demonstrating the importance of coupling computational and experimental methods to achieve a deeper understanding of sensing
results.

1. INTRODUCTION However, improving the performance of chemical sensors
through experimentation alone can be highly time-consuming
and resource-intensive. This challenge can be mitigated by
integrating experimental approaches with density functional
theory (DFT) calculations.” Besides saving time, DFT
calculations can be effectively used as a predictive tool for
rationalizing novel gas sensors with improved sensitivity.
Furthermore, DFT-based simulations provide critical informa-
tion for understanding the interaction between the sensing
layer and the analyte under investigation at the molecular level,
which can help understand the experimental results.'®
Arunragsa et al,'” for instance, reported the use of self-
consistent charge density functional tight binding (SCC-
DFTB) calculations to describe the interaction mechanism
between ammonia (NH;) molecules and GQDs. They

The detection of certain volatile amines is a task that has
attracted much attention in many fields.' Among these
compounds, trimethylamine (TMA) is a gas™ generally used
as an indicator for meat quality evaluation and disease
diagnosis.”* For the detection of this harmful volatile,
chemiresistive gas sensors have sparked considerable interest®
due to their high sensitivity, ease of fabrication, simple
operation, and low price.® For this purpose, different materials,
including metal oxide semiconductors,”® conducting poly-
mers”'® and carbon-based materials,'"'> have been success-
fully employed to develop gas sensors.

Graphene quantum dots (GQDs) are a type of carbon-based
nanomaterial promising for sensing applications due to their
high surface-to-volume ratio, low cost, and remarkable surface
functionalities.> Moreover, different functional groups on the

GQD structures provide effective adsorption sites for Received: September 18, 2024
interacting with the gaseous analyte, improving the sensor Revised: ~ December 14, 2024
response.’* For this reason, different experimental approaches Accepted:  February 11, 2025

have been developed to modify the structural properties of Published: February 21, 2025

GQDs and, consequently, improve their reactivity and
sensitivity toward toxic gases.
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concluded that the interaction between ammonia and the edge
hydroxyl groups presented the highest interaction energy,
which shows that the edge functionalization with hydroxyl
groups is a good strategy to improve the sensor’s performance
toward NH; detection.

In this context, the number of steps required to improve the
sensitivity of a gas sensor can be reduced by using
computational tools. In our previous work,'® three GQD
structures with different proportions of hydroxyl, epoxy, and
carboxyl groups were obtained using a hydrothermal method
and employed for the optical detection of Fe®" ions. In this
work, we aim to assess the impact of oxygen functional groups
on the sensitivity of GQDs for TMA detection using DFT
calculations. To the best of our knowledge, this is the first
study to systematically evaluate the effect of each functional
group of a GQD to optimize the sensitivity of a GQD-based
electrical sensor for TMA detection.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the GQDs. GQDs were synthesized
following a hydrothermal procedure fully described in our
previous work,'® but a few details will be given here. The
synthesis was performed in a Teflon-lined stainless-steel
autoclave (50 mL) by heating 40 mL of the graphene oxide
(GO) dispersion at 1 °C min™" for 10 h. Three distinct
syntheses were carried out by varying the temperature (130,
160, and 190 °C), GO concentration (1.25, 2.00, and 2.75 mg
L"), and pH (4.5, 8.0, and 9.5). The resulting products were
filtered by using a 0.22 pm micropore syringe filter, and the
obtained dispersions were then freeze-dried to obtain the
GQD powder. The full characterization of the obtained
materials, reported in our previous paper,® showed that
these reaction conditions led to GQDs with similar sizes and
thicknesses and distinct proportions of different oxygen
functionalities: one with a greater proportion of hydroxyl
groups, another with a higher proportion of epoxy groups, and
a third one with a greater proportion of carboxyl groups.
Hereafter, these GQD dispersions will be termed GQDs-1,
GQDs-2, and GQDs-3, respectively.

2.2. Computational Studies. DFT calculations were
employed to obtain potential energy curves (PECs) and
quantify the interactions through rigid scan calculations to
evaluate the interactions of the TMA with the different GQD
structures. To represent the three GQDs of our previous
work,'® three models were built: one with only hydroxyl
groups (GQDs-OH), one with only epoxy groups (GQDs-
Epoxy), and one with only carboxyl groups (GQDs-COOH).
The acronyms of the computational and experimental models
are shown in Table 1.

The geometry optimizations and rigid scans were performed
using the M06-2X" functional and the 6-31+G(d,p) basis set,
as implemented in the Gaussian 09°° suite of programs. The
confirmation of the nature of the stationary points was based
on an analysis of the harmonic vibrational frequencies

Table 1. Acronyms of Computational Models and
Experimental GQDs
main functional group

computational model experimental GQDs

OH GQDs-OH GQDs-1
Epoxy GQDs-Epoxy GQDs-2
COOH GQDs-COOH GQDs-3
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calculated at the same level of theory. The adsorption sites
for constructing the PECs were chosen based on the molecular
electrostatic potential maps (MEPs), as obtained with the Jmol
software.”' This analysis allowed us to evaluate the molecular
sites of the highest electron-withdrawing character. Three sites
for each structure were chosen to simulate the adsorption, thus
meaning that nine complexes were obtained.

The PECs were constructed through the interaction
between the GQDs and the nitrogen of the TMA molecule
in the ranges 1.70 and 7.10 A between the fragments. After
determining the equilibrium internuclear distance (r.), 10
additional points were calculated around this region with a step
size of 0.05 A. After investigating the possible ways that the
TMA molecule can approach the GQDs, we found the most
stable structures by approaching the TMA molecule above the
GQD surface, with the partially negatively charged nitrogen
facing the adsorption sites. Based on this, this approach was
fixed for all scans. To explain the difference in the stability of
each complex, atoms in molecules (AIM) topological
parameters and noncovalent interaction (NCI) analysis were
performed using the Multiwfn 3.8 software.”

2.3. TMA Sensing Measurements. The sensors were
prepared by drop-casting S uL of a GQD suspension (S mg
mL™") onto a gold-interdigitated electrode (IDE) surface and
left to dry at room temperature. Gas sensing measurements
were carried out at room temperature (25 + 2 °C) in a
homemade chamber.”’ The gas sensing performance was
evaluated by exposing the sensors to various concentrations of
TMA (1-50 ppm) and analyzing the changes in electrical
resistance using an impedance analyzer (Solartron, model
1260). The data were collected in the frequency range from 1
Hz up to 1 MHz, using an AC-applied voltage of 75 mV. The
test chamber’s relative humidity (RH) was kept at around 50%
by using the saturated Mg(NO,), solution.”* The sensor
response was defined as response (%) = [((R, — Ry)/R,)] X
100, where R, is the electrical resistance in air and R, is the
electrical resistance after exposure to the gas. The sensors
obtained with the GQD-1, 2, and 3 products will also be
referred to by their main functional group (Table 1), ie.,
GQDs-OH, GQDs-Epoxy, and GQDs-COOH, respectively.

3. RESULTS AND DISCUSSION

3.1. Computational Simulations. The Cartesian coor-
dinates of TMA and functionalized GQDs and their lowest
vibrational frequencies are listed in Table S1. All stationary
points are characterized as minima; i.e., they were identified as
having no imaginary frequencies. To select the adsorption site
in which the TMA will interact, MEPs were obtained to
highlight the regions of the lowest electron density, which
could act as electron acceptors, as illustrated in Figure 1.

For the GQDs-OH, the MEPs suggest three regions with
low electron density at (1) the hydroxyl group at the edge, (2)
the basal hydroxyl group, and (3) the carbon close to the basal
hydroxyl group. In the case of the GQDs-Epoxy, the low
electron density regions were identified over the carbons close
to the epoxy groups, shown in adsorptions (4) and (S),
respectively. A carbon center on the opposite side of the epoxy
groups (6) was also considered due to the moderate electron
density observed in the MEP and to evaluate the effect of the
proximity to the epoxy group on the interaction between the
fragments. For the GQDs-COOH, the low electron density
regions were mainly observed in the hydroxyl, followed by two
carbon centers at the edges of the material, adsorbed in (7),

https://doi.org/10.1021/acsomega.4c08588
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Figure 1. Electrostatic potentials plotted in electron density isosurfaces for the structures: (a) GQDs-OH, (b) GQDs-Epoxy, and (c) GQDs-

COOH.
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Figure 2. Potential energy curves and selected adsorption sites in the model of (a) GQDs-OH at the edge hydroxyl (1), basal hydroxyl (2), and
carbon (3); (b) GQDs-Epoxy at carbons with different proximities to the epoxy groups (4)—(6); (c) GQDs-COOH at a carbon neighbor to two
COOH groups (7) and to one COOH (8) and at an O—H of the COOH group (9).

(8), and (9), respectively. Considering these adsorption sites,
we constructed the potential energy curves of the interaction
between TMA and each site constructed. The obtained PECs,
the GQD models, and the selected adsorption sites are shown
in Figure 2.

Table S2 lists all of the electronic energies as a function of
the internuclear distances of the (1)—(9) scans, calculated at
the M06-2X/6-31+G(d,p) level of theory. The equilibrium
internuclear distances (r,) between the GQDs and TMA and
the dissociation energies (D,) estimated in the asymptotic limit
are listed in Table 2. The top and side views of the scans
reported in Table 2 are represented in Figure S1.

The r, values obtained for the interaction of the TMA
molecule with hydroxyl groups (1, 2, and 9) were between
2.20—2.55 and 3.05-3.30 A when the interactions occur
through carbon atoms. Similar values are reported in the
literature. For instance, Arunragsa et al.'” obtained a value of

7833

Table 2. r, (in A) and D, (in kcal/mol) Values, Calculated at
the M06-2X/6-31+G(d,p) Level of Theory

complex re (A) D, (kcal/mol)
GQDs-OH 2.25 14.13
GQDs-OH 2.20 10.23
GQDs-OH 3.20 7.00
GQDs-Epoxy 3.20 9.38
GQDs-Epoxy 3.05 8.19
GQDs-Epoxy 3.10 5.78
GQDs-COOH 3.05 7.09
GQDs-COOH 3.30 S.19
GQDs-COOH 2.55 3.04

2.00 and 3.20 A for the interaction of NH; with the edge
hydroxyl and basal carbon of GQDs, respectively. At the
@B97XD/6-31G(d,p) level of theory, de Menezes et al.””

https://doi.org/10.1021/acsomega.4c08588
ACS Omega 2025, 10, 7831-7838
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Figure 3. NCI analysis of the interactions between the TMA and the GQDs-OH at (a) the edge hydroxyl (1), (b) basal hydroxyl (2), and (c)

carbon (3). Isosurface contour value = 0.50 au.

Figure 5. NCI analysis of the interactions between the TMA and the GQDs-Epoxy at (a) carbon directly bound to an epoxy group (4), (b) carbon
neighboring to an epoxy group (5), and (c) carbon farther from the epoxy groups (6). Isosurface contour value = 0.50 au.

determined a value of 3.15 A for the interaction of ammonia
with the basal carbon of a pristine GQD. In the following
sections, we will discuss the results obtained in the PECs for
each structure and perform a topological analysis to explain the
difference in the D, values for each site.

3.1.1. Interaction Between GQDs-OH and TMA: PECs and
Topological Analysis. In the GQD-OH case, strong adsorbate
molecule interactions with the hydroxyl group at the edge (1)
and basal (2) regions were observed. The equilibrium
distances of 2.25 and 2.20 A suggest a quasi-covalent character
between the TMA and GQDs-OH, with D, values of 14.13 and
10.23 kcal/mol, respectively. Comparatively to the region (1),
the adsorption on (3) depicts a shallower well and an
equilibrium distance 0.95 A larger. To explain the difference in
the energy between these adsorptions, the nature of the
interactions in the GQDs-OH structure was evaluated by using
NCI analysis (Figure 3).

The blue and green colors in the isosurfaces represent strong
attractive and van der Waals (vdW) interactions, respectively,
while red represents repulsive interactions. As shown in Figure
3a, a H-bonding interaction is established between the
nitrogen of the TMA and the edge hydroxyl of the GQDs-
OH. This interaction is also stabilized by the vdW interaction
with the carbons of the GQD sheet. These same interactions
are also observed with the hydroxyl group of the basal region
(Figure 3b). A topological analysis was performed to compare
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these hydrogen bond interactions and quantify the values of
electron density (p) and the Laplacian of the electron density
(V%) at the [3, —1] critical point (C.P) between TMA and
the edge and basal hydroxyl (Figure 4). These quantities
present a linear relationship with the hydrogen bond strength
and can be used to compare the difference in the interaction
for each site in the GQDs-OH structure.”® To properly
quantify these values, the structures of the rigid scan at the r, of
(1) and (2) were optimized at the same level of theory. The
Cartesian coordinates of the equilibrium structures are shown
in Table S3.

The p values obtained for the edge and basal hydroxyls were
0.031 and 0.027 au, and the V?p values were 0.077 and 0.072
au, respectively. For both, our results are within the range
expected for hydrogen bond interactions, i.e., 0.002—0.034 au
for p and 0.024—0.139 au for the V?p.”” As expected, the
interaction of H-bonding with the edge hydroxyl is stronger
when compared with that of the basal hydroxyl, stabilizing (1).
For (3), the TMA adsorption with the GQD sheet is only
stabilized by vdW interactions, explaining the shallower well
discussed before. Considering the strength of the interaction
with TMA in a structure with a greater degree of hydroxyl
groups, the H-bond interactions are the main pathway for
stabilizing this complex, especially at the edge.

3.1.2. Interaction Between GQDs-Epoxy and TMA: PECs
and Topological Analysis. In the GQDs-Epoxy structure, the

https://doi.org/10.1021/acsomega.4c08588
ACS Omega 2025, 10, 7831-7838
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Figure 7. NCI analysis of the interactions between the TMA and the GQDs-COOH at (a) carbon (7) closer to both carboxyl groups, (b) carbon
(8) closer to one of the carboxyl groups, and (c) the O—H of one of the carboxyl groups. Isosurface contour value = 0.50 au.

interaction (4) with the carbon bound to an epoxy group was
found to be stronger than with the site (S), which is
neighboring an epoxy group (Table 2). When the interaction
occurs in the carbon farther away from the epoxy groups, such
as in (6), the energy is even lower, indicating that the
proximity to the epoxy group plays an important role in
stabilizing this structure. Based on the NCI analysis, it can be
concluded that the interactions in all GQDs-epoxy structures
are mainly driven by vdW interactions between the TMA and
the carbon sheet, with some stabilization contributions from
the CH---O interactions, as shown in Figure 5.

Based on the MEP (Figure 1), we observed that carbon (4)
is slightly more positive than carbon (S), favoring a more
significant electrostatic interaction. This effect can be
associated with a more electronegative epoxy group, attracting
the electron density from the carbon atoms. In carbons (4) and
(5), the TMA is also stabilized by two weak C—H--O
hydrogen bond interactions. However, in the adsorption site
(5), one of the C—H:-O interactions yields a smaller
isosurface, indicating a smaller electron density and, con-
sequently, a weaker interaction (Figure Sb). To confirm this
hypothesis, we estimated the values of p at the [3, —1] CP, (x
=1, 2, 3, and 4) formed in the CH---O interaction in (4) and
(5). These results are illustrated in Figure 6a,b, respectively.

For the interaction with the adsorption site (4) (Figure 6a),
CP, and CP, have values for p of 0.011 and 0.014 au,
respectively. In the case of site (5) (Figure 6b), CP; and CP,
present values of 0.013 and 0.004 au, respectively. In fact, for
the complex in (S) (Figure 6b), the C—H--O interaction
shows a smaller electron density in its internuclear region and,
therefore, has a weaker interaction than the others. In this
sense, the orientation of the TMA toward the epoxy group
should contribute to stabilizing the complex. This was also
highlighted by Prasert and Sutthibutpong,®® which evaluated
the effect of the proximity of ascorbic acid, dopamine, and uric
acid molecules to the epoxy group on graphene oxide. The
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authors highlighted that the regions closer to the epoxy groups
were the primary interaction sites. For site (6), the carbon is
less positive (Figure 1), and there are no interactions with the
epoxy group, which explains the lower energy from the GQDs-
Epoxy structures. In this sense, in a structure with a greater
proportion of epoxy groups, the interaction with a carbon
closer to the epoxy groups is more favored energetically due to
the presence of more positive carbon sites and the stabilization
provided by the interaction with the epoxy group itself.

3.1.3. Interaction Between GQDs-COOH and TMA: PECs
and Topological Analysis. For GQDs-COOH, like in the
GQDs-Epoxy case, we also observed that the TMA interacts
more energetically with the carbons closer to the functional
groups. The internuclear equilibrium distances for (7), (8),
and (9) were 3.05, 3.30, and 2.55 A, respectively. Based on the
NCI isosurfaces, it can be concluded that the interactions with
this structure are also mainly dominated by the vdW
interactions, followed by H-bonding interaction with the
hydroxyl of the COOH group, as depicted in Figure 7.

The NCI analysis for these structures shows that in carbon
(7), there is a vdW stabilization factor arising from both C-C
bonds of the carboxyl groups, and in carbon (8), this same
interaction arises from only one group. This factor contributes
to the stabilization in (7). Even though in structure (9) there is
a H-bond between the TMA and the hydroxyl (Figure 7c),
which led to the lowest r, among the GQDs-COOH scans, this
was the weakest interaction among the scans. The latter can be
explained by the directionality of the interaction, which affects
the energy value of H-bonds.”” Therefore, the interaction of
TMA with a carbon closer to the COOH groups is more
favored energetically, and the H-bond formation with the
hydroxyl of the carboxyl group above the plane does not lead
to considerable stabilization.

Based on these results, the GQD structure with a greater
proportion of hydroxyl groups interacts more significantly with
TMA, followed by that with epoxy groups. In this sense, our

https://doi.org/10.1021/acsomega.4c08588
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Figure 8. (a) Responses of GQDs-COOH, GQDs-Epoxy, and GQDs-OH sensors to 50 ppm of TMA. (b) Linear relationship between GQDs-OH
sensor responses and different TMA concentrations at room temperature. (c) Responses of GQDs-OH sensor versus SO ppm of various gases

(methylamine—MMA, triethylamine—TEA, ammonia, acetone, ethanol, and methanol).

computational simulation indicates that the hydroxyl group
plays a critical role in the interaction mechanism of GQD and
TMA. The role of this group for sensing activity has already
been emphasized for other analytes, such as NO,*® and water
vapor.”' Besides, the smaller values of D, obtained for the
GQDs-COOH structure indicate that for GQDs with a greater
functionalization of carboxyl groups, the COOH will have a
smaller contribution to the stabilization of the GQDs---“TMA
complex, resulting in a smaller sensitivity.

3.2. Experimental Results. To validate the DFT results,
the sensing performance of the GQDs was evaluated as the
relative response of the material toward S0 ppm of TMA at
room temperature. As shown in Figure 8a, the sensor based on
GQDs-OH showed a remarkable response (63%) toward TMA
when compared to the GQDs-COOH (16%) and GQDs-
Epoxy (25%), suggesting that the sensor presents discrim-
ination ability to detect TMA, corroborating the DFT study.

As shown in Figure 8b, the response of the GQDs-OH
sensor toward TMA increases significantly with gas concen-
tration increase, and there is a good linear relationship (R* =
0.991) between the response and the concentration of TMA
from 1 to SO ppm. The limit of detection (LOD = 3¢/S, where
o is the standard deviation of the response at the lowest
concentration, and § is the slope of the calibration curve) of
GQDs-OH was approximately 0.3 ppm, which is enough for
the practical application of seafood freshness detection.”

Figure S2a shows the dynamic response curve of the GQDs-
OH-based sensor exposed to 50 ppm of TMA at room
temperature. During four consecutive testing cycles, the
electrical response remained almost unchanged, indicating
good repeatability of the sensor. Additionally, Figure S2b
shows the response of the GQDs-OH-based sensor for 1
month, which varies in the range of 10%, reflecting the stable
detection ability of the proposed sensor.

The comparison with the TMA sensing properties of
recently reported gas sensors (shown in Table 3) indicates
that the values obtained in this work are comparable to or even
superior to those recently reported in the literature. The
advantages obtained by using the GQDs-OH for the electrical
detection of TMA go beyond the LODs reported here since it
is a convenient way to detect amine gas in food samples at
room temperature.

To evaluate the selectivity of the GQD-based sensor, a set of
six gases, including methylamine (MMA), triethylamine
(TEA), ammonia, acetone, ethanol, and methanol, were tested
as interfering substances, as shown in Figure 8c. The response
to TMA was about 2—22 times that of other interfering gases,
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Table 3. Performance Comparison of GQDs-OH With
Other Materials for the Electrical Detection of TMA“

working working range LOD
material temperature (ppm) (ppm)  references
g-C3N,/ RT 5-20 13 Wu et al.?
Bi2MoOj,
graphene- RT 0.01 Chu et
NiGa,0, al®*
MoO;/MoSe, RT 0.02—10 0.02 Zhou et
al.™
NiO/In,0; 200 °C 0.5—-200 0.5 Mené et
al
NiMoO,/ 200 °C 0.1-100 0.3 Meng et
MoO; al”
Co0;0,/In,0; 200 °C 1-100 1.0 Ji et al.®®
GQDs-OH RT 1-50 ppm 03 this work

“RT, room temperature.

which benefited from the unique molecular recognition caused
by the hydrogen-bonding interaction between the hydroxyl
oxygen moiety of GQDs and the amino hydrogen group of the
target molecule.

According to the computational study, the enhanced sensing
response observed for the experimental GQD-OH sensor is
mainly related to the interaction of TMA with the edge
hydroxyl. Based on the characterization shown in our previous
work,'® the hydrothermally obtained GQDs-Epoxy and GQDs-
COOH also have hydroxyl groups in their structure in a
smaller proportion than the GQDs-OH. As shown in Table 2
of the computational study, the interaction with the edge and
basal hydroxyl led to the strongest interactions related to the
sensing response of GQDs-OH. However, compared with
GQDs-Epoxy and GQDs-COOH, the electrical response of the
GQDs-OH sensor is 38% and 47% larger, respectively. This
difference in the electrical response suggests that the nature of
the interaction that led to the electrical response of GQDs-OH
is different from that obtained for GQDs-Epoxy and GQD-
COOH-based sensors. Therefore, despite the presence of OH
in GQDs-Epoxy and GQD-COOH-based sensors, a strong H-
bonding interaction with TMA does not explain the sensing
results obtained for them. Based on the computational section,
the interaction with a carbon of the GQD, closer to the epoxy
and carboxyl groups, can better explain the sensing results
obtained in Figure 7a for GQDs-Epoxy and GQDs-COOH.
Furthermore, based on the theoretical and experimental
results, it can be concluded that GQD-based sensors are
more sensitive to TMA when there is a higher degree of
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functionalization with hydroxyl groups. Therefore, to enhance
the sensitivity of GQD-based electrical sensors toward TMA,
the synthesis parameters should be selected in a way that
results in a hydroxyl-rich chemical composition. Other works
report the use of different synthetic procedures that can also
lead to GQDs with hydroxyl-rich structures. For instance, Yang
et al.>” and Kappen et al.” reported the use of a photo-Fenton
reaction and the pyrolysis method, respectively, to obtain the
GQDs with a greater proportion of hydroxyl groups.

4. CONCLUSIONS

The influence of oxygen functional groups (hydroxyl, epoxy,
and carboxyl groups) on the sensitivity of graphene quantum
dots (GQDs) toward TMA detection was successfully
investigated by theoretical and experimental approaches.
Specifically, our results suggested that different proportions
of oxygen functional groups led to different sensitivities toward
the TMA molecule, with the GQD-OH sensor being the most
sensitive, presenting an LOD of 0.3 ppm and an electrical
response of 63%. DFT calculations revealed that the greater
sensitivity of GQDs-OH toward TMA is mainly due to the
interaction with the edge hydroxyl groups of GQDs. Moreover,
the results demonstrated that the GQDs-Epoxy sensor is more
sensitive to TMA than the GQDs-COOH since the interaction
with a carbon closer to an epoxy group led to a greater D, value
than any interaction in the GQD-COOH structure. In this
direction, our findings show that controlling the functionaliza-
tion of the GQD structure can tune the sensor sensitivity
toward a specific analyte. This leaves room for improving
GQD-based sensors by focusing on the interplay between the
proportions of oxygen functional groups and their correspond-
ing sensing performances. A similar approach to the one used
in this work in a doped GQD structure is also an interesting
possibility to be considered in future works. Lastly, we
emphasize that using computational simulations is a promising
strategy to not only understand the sensing results obtained in
the experiments but also to predict, by modeling the GQDs,
which structure modifications could lead to better sensing
performances toward varied analytes.
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