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ABSTRACT: Acetone (C3H6O) gas in the exhaled breath of diabetic patients can be used as an important biomarker for the
painless and noninvasive diagnosis of diabetes mellitus. In this paper, based on the density functional theory (DFT), the adsorption
behaviors of pristine and single-atom transition metal (X = Sc, Ti, V, and Cr)-doped InP3 surfaces (denoted as X-InP3) toward
C3H6O molecule were examined to explore the potential of these two-dimensional (2D) materials as a sensitive sensor for acetone
gas. The calculation results indicate the unfavorable detection property for the pristine 2D-InP3 surface upon acetone with an
unsatisfied gas response (12.4%). The introduction of a single-atom transition metal (Sc, Ti, V, and Cr) into the InP3 layer has
significantly improved the adsorption capacity toward the C3H6O molecule. Owing to the high gas response values (−98.0%,
393.3%, and 393.3%), the Ti-InP3, V-InP3, and Cr-InP3 layers show their superiority in C3H6O detection at room temperature, in
which Ti-InP3 achieves recycle use through heating at 698 K. Sc-InP3 is unsuitable for C3H6O sensing with a poor response (8.1%).
Our work first gives a theoretical predication about the adsorption and sensitive detection performance of pristine and single-atom
transition metal (Sc, Ti, V, and Cr)-doped InP3 upon acetone, which may provide an emerging kind of sensing material for the
noninvasive diagnosis of diabetes mellitus indicated by acetone gas.

1. INTRODUCTION
Diabetes mellitus is a metabolic disease characterized by high
fasting plasma glucose (HFPG), which causes many serious
complications, such as coronary heart disease, stroke, and
diabetic kidney disease.1−3 Today, diabetes mellitus and its
associated complications have become one of the leading
causes of mortality worldwide.4−6 The traditional method of
diagnosing diabetes mellitus involves taking blood with a
needle to measure glucose concentration, which many patients
resist due to the discomfort of the needleprick.7 Therefore,
noninvasive diagnostic techniques for diabetes mellitus have
attracted significant attention.8−10 Acetone (C3H6O) is one of
the volatile organic compounds (VOCs) found in human
exhaled breath, and research has demonstrated that the
concentration of acetone in the breath of diabetic patient is
significantly higher compared to healthy individuals.11−13

Consequently, respiratory C3H6O is considered as a potential
biomarker for diabetes mellitus, and the detection of C3H6O

gas for the noninvasive diagnosis of diabetes mellitus has
garnered considerable concerned.14,15

Currently, detection methods in the field of breath analysis
mainly include gas chromatography, mass spectrometry,
electrochemical sensors, and spectroscopy.16−19 Gas chroma-
tography and mass spectrometry offer high sensitivity and
specificity but are often limited by their complexity, high cost,
and the need for skilled operators. Spectroscopy, including
infrared and laser-based techniques, provides a noncontact
method but may require expensive and sophisticated equip-
ment. Among these methods, electrochemical sensors have
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become the focus due to their advantages of small size, low
cost, and simple manufacturing processes. These sensors
typically operate by measuring changes in electrical properties,
such as resistance or current, when C3H6O molecules interact
with the sensor surface. The choice of a sensitive material is
crucial for the sensing properties of gas sensors. As a result, a
significant amount of research has been devoted to developing
and optimizing these sensitive materials to improve the
performance of C3H6O gas sensors.20−22

Owing to their large specific surface area, superior
adsorption property, and fast response speed, two-dimensional
(2D) materials have been widely studied for their acetone
sensing capabilities.23−25 For instance, an experimentally
fabricated PbS nanosheet exhibit excellent acetone sensing
with a response of 24.16% for 1 ppm concentration at room
temperature.26 Zhao and co-workers have demonstrated the
good C3H6O sensing performance of synthetic V4C3Tx
MXene.27 The prepared 2D/2D nanohybrid of the WO3/
WS2 heterostructure by Yadav et al. showed an C3H6O
response of 17.0% at a concentration of 1 ppm.28 Additionally,
theoretical studies have reported that the introduction of
transition metal Pd can enhance the adsorption of BC6N layer
toward C3H6O gas.29 Among all the 2D materials, the indium
triphosphide (InP3) monolayer has generated widespread
attention due to its advantages in thermodynamical stability,
adsorption capacities, and carrier mobility.30,31 These proper-
ties make InP3 an efficient nanomaterial in various application
fields including energy storage, electronic devices, and gas
sensors.32−35 Miao and co-workers have theoretically demon-
strated that monolayered InP3 exhibits prominent excitonic
effects and tunable magnetism, making it superior for

electronic and photoelectric device.36 Yi et al. have found
that the δ-InP3 material has high electron mobility and
proposed it as a N-based gas sensor for NO2 molecules.37

Additionally, more unoccupied orbitals and lager atomic radius
make transition metals ideal dopants, potentially leading to
significant improvements in the electronic properties of
nanomaterials through changes in chemical composition,
band structure, and charge distribution.38,39 Therefore, doping
with transition metals is a highly effective method to regulate
the physicochemical property of 2D materials. Ongoing
research focuses on enhancing the performance of these
materials through doping to optimize their chemical activity of
the base material and improve the gas adsorption
capacity.40−42 Theoretical study by Liao et al. has shown
that monatomic Cr-doped InP3 could effectively enhance the
adsorption toward H2, C2H2 and CH4.43 Hou and co-workers
have proven that the doping of transition metal (Mo, Fe, Pd,
and Pt) could increase the adsorption capacity of InP3 for SO2
gas and has great application prospect as an SO2 resistive
sensor.44 Although many previous studies show that InP3
exhibits favorable gas sensing properties, the application of
pristine and transition metal-doped InP3 as an acetone sensor
is still limited. Exploring InP3 for acetone sensing is highly
desirable for noninvasive diagnosis of diabetes mellitus.
Computational predictions of InP3-based materials for acetone
sensing are a feasible and effective approach to promoting
rapid development in this field.35

In this work, we put forward the hypothesis that the 2D-InP3
and transition metal-modified InP3 can be base materials for
the adsorption and detection of acetone gas. To verify our
assumption, the pristine 2D-InP3 and four single-atom

Figure 1. Optimized structures of C3H6O (a), 2D-InP3 surface (b), InP3-C3H6O adsorption system, (c) and DOS and PDOS of InP3-C3H6O.
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transition metal (X = Sc, Ti, V, and Cr)-doped InP3
monolayers (denoted as X-InP3) were constructed. The
adsorption behaviors of the pristine 2D-InP3 and modified
X-InP3 (X = Sc, Ti, V, and Cr) surfaces toward the C3H6O
molecule were investigated by density functional theory
(DFT). The adsorption parameters, density of states (DOS),
electron density difference (EDD), total charge density
(TCD), and frontier molecular orbital (FMO) were discussed
to compare the adsorption capability of these InP3-based
materials. The electrical conductivity, sensitivity response, and
recovery time were analyzed to evaluate the applicability for
acetone sensing. The calculation results show the potential
application of a single-atom transition metal-doped InP3
material in the noninvasive diagnosis of diabetes mellitus
characterized by C3H6O gas.

2. RESULTS AND DISCUSSION
We first examined the adsorption behavior of pristine 2D-InP3
toward C3H6O gas. The optimized structures of the C3H6O,
2D-InP3 nanosheet, and InP3-C3H6O adsorption system are
shown in Figure 1. The lattice constant of the pristine 2D-InP3
is 7.522 Å, and the bond lengths of In−P and P−P are 2.555
and 2.248 Å, which is consistent with the previous data.45,46

The calculated frequency values (from 8.32 to 990.13 cm−1)
demonstrate the good stability of the 2D-InP3 monolayer. In
the InP3-C3H6O system, the C3H6O molecule bonds to an In
atom of InP3 through its O atom with an In−O bond length of
2.345 Å. The length of the O−C bond in C3H6O slightly
increases from 1.224 Å in the isolated molecule to 1.242 Å in
the adsorption system. The adsorption energy (Ead) between
InP3 and C3H6O is calculated as −0.962 eV, indicating a stable
adsorption process. According to the Hirshfeld analysis, the
adsorbed C3H6O acting as an electron donor transfers 0.147 e
to the InP3 surface. This electron transfer causes a slight charge
redistribution on the InP3 surface, potentially altering its
electrical properties. Meanwhile, the change in band gap
caused by the adsorption of C3H6O can induces corresponding

changes in the electronic conductivity of the 2D-InP3
materials.43 In this study, the band gap of pristine 2D-InP3 is
1.100 eV, which is consistent with the reported values,33,45

whereas the band gap is slightly lower than the value (1.307
eV) calculated with the HSE03 functional due to the difference
of calculation accuracy.47 After adsorption of C3H6O, the band
gap value slightly increases to 1.106 eV, reflecting the
decreased conductivity in the InP3-C3H6O adsorption system.
Additionally, in the InP3-C3H6O system, density of state
(DOS) analysis reveals that C3H6O adsorption induces a
decline of the DOS peak near the Fermi level, suggesting
reduced electrical conductivity of the InP3 nanosheet (Figure
1). This electronic interaction is further supported by the
orbital overlap of In-5p and O-2p, as shown in the partial
density of states (PDOS), highlighting the role of orbital
hybridization in the C3H6O adsorption mechanism.

Besides, the gas response value (S) is employed to explain
the degree of sensitive detection of pristine 2D-InP3 toward
C3H6O. The S is calculated as S = (σaf

−1 − σbe
−1)/σbe

−1, where σaf
and σbe denote the conductivity value of the system before and
after adsorption. The conductivity value (σ) is related to the
band gap (Bg) of the modified system, and the two physical
quantities satisfy the formula = e B T( /2 )g , in which κ and T
represent the Boltzmann constant [8.318 × 10−3 kJ/(mol K)]
and temperature (set as 298 K in this study).35 In accordance
with the information presented above, the calculated sensitivity
response for the InP3-C3H6O system is only 12.4%. Therefore,
taking the unsatisfied gas response and the Ead value into
comprehensive consideration, it reveals that the pristine 2D-
InP3 surface is inadequate for the sensitive detection of acetone
gas.

To improve the sensitive detection performance of InP3 for
the acetone gas, four single-atom transition metals (Sc, Ti, V,
and Cr) are, respectively, doped on the 2D-InP3 surface to
construct the X-InP3 (X = Sc, Ti, V, and Cr) monolayer. The
adsorption and detection behaviors of the four X-InP3 (X = Sc,

Figure 2. (a−d) Top and side views of the most stable Sc-InP3, Ti-InP3, V-InP3, and Cr-InP3. The distance is in Å.
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Ti, V, and Cr) monolayers toward acetone gas are concurrently
investigated.

To obtain the most stable structures of the four modified
surfaces, the doped metal atom was placed at the possible
binding sites, including the top of the In/P atom and the
center of two six-membered rings, with the initial distance
between the metal atom and InP3 surface being 3.0 Å. The
optimized geometric configurations of X-InP3 (X = Sc, Ti, V,
and Cr) are displayed in Figure 2. The most stable X-InP3 (X =
Sc, Ti, V, and Cr) surface, with the maximum binding energy
(Eb), shows that the monoatom tends to locate above the P-
hexatomic ring of InP3, forming three new chemical X-P (X =
Sc, Ti, V, and Cr). The shortest X-P bond lengths for Sc-InP3,
Ti-InP3, V-InP3, and Cr-InP3 are 2.477, 2.341, 2.431, and 2.453
Å, respectively, as listed in Table 1.

The binding energy (Eb) of a single Sc atom to InP3 is 4.338
eV, which is lower than that of the other three doping
nanosheets, with individual Eb values of 4.809, 4.843, and
4.768 eV for Ti, V, and Cr, respectively. After doping on the
InP3 surface, the four metal atoms donate 0.420, 0.287, 0.197,
and 0.245 e to the InP3 substrate, respectively. Meanwhile,
compared with the pristine 2D-InP3 monolayer, the band gaps
of the four X-InP3 (X = Sc, Ti, V, and Cr) surfaces reduce from
1.100 to 0.037, 0.218, 0.138, and 0.215 eV, respectively (Figure
3). This reduction is attributed to the doping of single-atom

transition metals on the InP3 surface, which promotes
electronic interactions around the Fermi level. The decreased
band gap reveals that the electronic conductivity of the four X-
InP3 (X = Sc, Ti, V, and Cr) materials accordingly increased.
Figure 4 shows the DOS and PDOS of the four modified
materials. The rise of DOS peaks near the Fermi level is related
to the 3d electronic orbital of transition metal, synchronously
indicating the enhanced electrical conductivity after metal
atom doping on the InP3 surface.48 The DOS curves of the
four X-InP3 (X = Sc, Ti, V, and Cr) monolayers exhibit a

significant left shift relative to the pristine 2D-InP3 surface,
which may be due to the sufficient orbital mixing between the
P-3p orbit and the 3d orbit of the metal atom. Additionally, the
DOS peaks of V-InP3 and Cr-InP3 systems near the Fermi level
split into two small peaks compared to the pristine 2D-InP3
monolayer.

Subsequently, the adsorption behaviors of the four X-InP3
(X = Sc, Ti, V, and Cr) monolayers with respect to the C3H6O
gas are analyzed. After geometry optimization, the most stable
structures of C3H6O adsorbed on the four modified InP3
surfaces along with the corresponding electron density
difference (EDD) of the four adsorption systems are presented
in Figure 5. The most stable structures show that the C3H6O
molecule is positioned with its O atom oriented toward the
transition metal dopant of the X-InP3 (X = Sc, Ti, V, and Cr)
substrate. The relevant lengths of the newly formed X-O (X =
Sc, Ti, V, and Cr) bonds are 2.016, 1.889, 1.871, and 1.861 Å
for Sc, Ti, V, and Cr, respectively. The shorter X-O (X = Sc, Ti,
V, and Cr) bond distances in the four modified InP3 systems
indicate the enhanced adsorption performance between
C3H6O and the X-InP3 (X = Sc, Ti, V, and Cr) surfaces
compared to that of the pristine 2D-InP3 monolayer.

Table 2 provides the adsorption parameters of the four
adsorption systems. The Sc-InP3 surface shows weaker
adsorption for the C3H6O molecule, with an Ead of −1.831
eV, as indicated by the relatively long Sc−O bond length
(2.016 Å). In contrast, the adsorption energies for the Ti-InP3-
C3H6O, V-InP3-C3H6O, and Cr-InP3-C3H6O systems are
−2.080, −2.305, and −2.248 eV, respectively, revealing the
enhanced adsorption capacity in comparison with the pristine
2D-InP3 surface. These adsorption values of the modified InP3
systems are comparable to that of the Ti-doped MoSe2-C3H6O
system,48 which has an Ead of −2.42 eV. In addition, the ZnO−
O and the (110) face of SnO2 are theoretically and
experimentally proven to be effective sensing materials for
C3H6O gas, with the corresponding Ead being −1.06 and −1.63
eV,49,50 which are obviously lower than the Ead of the four X-
InP3 (X = Sc, Ti, V, and Cr) adsorption systems. Therefore,
the modified InP3 monolayer with single-atom transition metal
doping exhibits superior adsorption properties for acetone gas,
with the adsorption capacity in the order of V-InP3 > Cr-InP3
> Ti-InP3 > Sc-InP3.

Based on the Hirshfeld analysis, the C3H6O molecule carries
positive charges of 0.171, 0.163, 0.101, and 0.100 e after
adsorption on the Sc-InP3, Ti-InP3, V-InP3, and Cr-InP3
monolayers, respectively. The amount of charge transferred
in Sc-InP3-C3H6O and Ti-InP3-C3H6O systems is larger than
that in the pristine InP3-C3H6O system, which indicates that
the adsorption of C3H6O promotes the charge redistribution of
Sc-InP3 and Ti-InP3 surfaces. The EDD (Figure 5) shows a
sequential and dense distribution of electrons on the formed X-
O (X = Sc, Ti, V, and Cr) bond, indicating orbital
hybridization between the binding atoms and reflecting the
chemisorption between the four X-InP3 (X = Sc, Ti, V, and Cr)
substrates and the C3H6O molecule.

Additionally, the interaction between X-InP3 (X = Sc, Ti, V,
and Cr) surfaces and C3H6O molecule is analyzed using the
highest occupied (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) of molecule orbital theory.51

Figure 6 displays the distributions of the HOMO−LUMO
orbitals of the four adsorption systems. Due to the formation
of the chemical X-O (X = Sc, Ti, V, and Cr) bond upon
C3H6O adsorption, the LUMO orbitals mainly focus on the X-

Table 1. Corresponding Parameters of the Four X-InP3 (X =
Sc, Ti, V, and Cr) Monolayers

doped models Eb (eV) QT (e) D (Å)

Sc-InP3 −4.338 0.420 2.477
Ti-InP3 −4.809 0.287 2.341
V-InP3 −4.843 0.197 2.431
Cr-InP3 −4.768 0.245 2.453

Figure 3. Trend chart of band gaps for the 2D-InP3 and the four X-
InP3 (X = Sc, Ti, V, and Cr) monolayers (black dotted line) and for
the InP3-C3H6O and X-InP3-C3H6O (X = Sc, Ti, V, and Cr)
adsorption systems (red dotted line).
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O bond in the Sc-InP3-C3H6O and V-InP3-C3H6O systems,
whereas in the Ti-InP3-C3H6O and Cr-InP3-C3H6O systems,
the HOMO orbitals are abundant in the chemical X-O bonds.
The difference in the energy gap (Eg) between HOMO and
LUMO influences the conductivity of the adsorption system.
T h e v a r i a t i o n o f E g i s d e fi n e d a s
| | ×E E E( )/ 100%g

X InP C H O
g
X InP

g
X InP3 3 6 3 3 , in which Eg

X InP3

and Eg
X InP C H O3 3 6 denote the energy gap of the four X-InP3

(X = Sc, Ti, V, and Cr) surfaces before and after the adsorption
of C3H6O. The calculated values for the four adsorption
systems are 15.07%, 56.38%, 31.75%, and 16.44%, respectively.
These results manifest that the order of change in conductivity
for the four single-atom-modified InP3 surfaces is Ti-InP3 > V-
InP3 > Cr-InP3 > Sc-InP3.

The adsorption of the target molecule may have an impact
on the distribution of band structure, leading to changes in the
conductivity of the adsorption systems.37 Therefore, we further
analyzed the electrical conductivities of four X-InP3 (X = Sc,
Ti, V, and Cr) materials upon C3H6O adsorption. The density
of states (DOS and PDOS) and total charge density (TCD) of
the four adsorption systems are displayed in Figures 7 and 8.
From the DOS curves, the decrease in the DOS peak at −2.0
and 1.0 eV in the Sc-InP3-C3H6O system illustrates a reduction
in electrical conductivity after the C3H6O adsorption, which is
verified by the increase in the band gap from 0.037 eV in the
Sc-InP3 system to 0.041 eV in the Sc-InP3-C3H6O adsorption
system, as shown in Figure 3. For the Ti-InP3-C3H6O system,
the slight elevation of the DOS peak near the Fermi level
conversely reveals an increase in the conductivity. Correspond-
ingly, the band gap of the Ti-InP3 system decreases from 0.218
to 0.017 eV after C3H6O adsorption, demonstrating an
improvement in electrical conductivity. Furthermore, the V-
InP3-C3H6O and Cr-InP3-C3H6O systems show a slight decline
around −2.0 eV, indicating that C3H6O adsorption results in a
minor reduction in the electrical conductivity. The band gaps
of the V-InP3 and Cr-InP3 systems increase slightly from 0.138
and 0.215 eV to 0.220 and 0.297 eV after the adsorption of
C3H6O (Figure 3), respectively, further indicating a decrease in
conductivity of these adsorption systems.

From the PDOS curves, the emergence of the hybridization
phenomenon between the 3d orbital of the transition metal
atom and the O-2p orbital of C3H6O implies the formation of
the X−O (X = Sc, Ti, V, and Cr) bonds, indicating the strong
adsorption capacity of the X-InP3 (X = Sc, Ti, V, and Cr)
surface toward the C3H6O molecule. Besides, the PDOS curves
show that 3d orbitals of transition metal atoms contribute
more around the Fermi level in Ti-InP3, V-InP3, and Cr-InP3

Figure 4. (a−d) DOS and PDOS of Sc-InP3, Ti-InP3, V-InP3, and Cr-InP3 systems. The dashed line is the Fermi level.

Figure 5. Most stable structures and EDD of the Sc-InP3-C3H6O
system (a), Ti-InP3-C3H6O system (b), V-InP3-C3H6O system (c),
and Cr-InP3-C3H6O system (d). The isosurface is 0.03 e/Å3, and the
distance is in Å.

Table 2. Adsorption Parameters and Gas Response Values
of the X-InP3-C3H6O (X = Sc, Ti, V, and Cr) Systems

adsorption systems Ead (eV) QT (e) D (Å) S (%)

Sc-InP3-C3H6O −1.831 0.171 2.016 8.1
Ti-InP3-C3H6O −2.080 0.163 1.889 −98.0
V-InP3-C3H6O −2.305 0.101 1.871 393.3
Cr-InP3-C3H6O −2.248 0.100 1.861 393.3
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adsorption systems. The TCD of the four adsorption systems
shows that although electrons gather on the O atom of C3H6O
due to its strong electronegativity, the C3H6O molecule is
wholly surrounded by weak electron depletion. Additionally,
the P atoms of the modified InP3 surfaces show slight electron
aggregation, which is consistent with the electron transfer
obtained in the Hirshfeld analysis.

The suitability of 2D materials for gas sensing applications is
better explored by gas-sensitive response in theoretical

research. The gas-sensing responses of acetone on X-InP3 (X
= Sc, Ti, V, and Cr) monolayers were evaluated by the
sensitivity response S, which is formulated as a combination of
S = (σaf

−1 − σbe
−1)/σbe

−1 and = e B T( /2 )g . The calculated S
values for the Sc-InP3-C3H6O, Ti-InP3-C3H6O, V-InP3-C3H6O,
and Cr-InP3-C3H6O systems are 8.1%, −98.0%, 393.3%, and
393.3%, respectively (Table 2). Compared to acetone sensors
reported in previous works, The modified V-InP3 and Cr-InP3
surfaces achieve high sensitivity for C3H6O detection (Table
S1), while the Ti-InP3 exists an appropriate response upon
C3H6O adsorption. The S value of Sc-InP3-C3H6O is lower
than that of the pristine 2D-InP3 system, revealing a limited
response for the Sc-InP3 surface upon the C3H6O adsorption.
To broaden the scope of application for the InP3-based
nanomaterials, the gas response values of 2D-InP3 and X-InP3
(X = Sc, Ti, V, and Cr) surfaces were investigated at operating
temperatures ranging from 223 to 373 K. The results indicate
that the acetone sensing responses of both 2D-InP3 and X-InP3
(X = Sc, Ti, V, and Cr) decrease as the temperatures increase
(Table S2).

The desorption behaviors of C3H6O from the four X-InP3
(X = Sc, Ti, V, and Cr) surfaces were estimated using the

Figure 6. (a) HOMO and LUMO of Sc-InP3 and Ti-InP3 adsorption systems and (b) HOMO and LUMO of V-InP3 and Cr-InP3 adsorption
systems.

Figure 7. DOS and PDOS of Sc-InP3-C3H6O system (a), Ti-InP3-C3H6O system (b), V-InP3-C3H6O system (c), and Cr-InP3-C3H6O system (d).
The dashed line is the Fermi level.

Figure 8. TCD of (a) Sc-InP3-C3H6O, (b) Ti-InP3-C3H6O, (c) V-
InP3-C3H6O, and (d) Cr-InP3-C3H6O systems. The red/blue areas
show electron accumulation/depletion.
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recovery time (τ). τ is calculated with the vanʼt Hoff-Arrhenius
expression = A e E T1 ( / )a , in which A is the attempt
frequency (1012 s−1) and κ is the Boltzmann constant. Ea
means the necessary energy for gas desorption, which is
assumed as the numeric value of Ead here.52,53 The larger the
Ead, the higher the temperature required for gas desorption.
Figure 9 shows the τ of X-InP3 (X = Sc, Ti, V, and Cr) surfaces

toward C3H6O at various temperatures. At ambient temper-
ature, desorption of C3H6O from the four modified InP3
materials is unrealistic, corroborating the chemisorption
observed in the four adsorption systems. As the temperature
increases, τ gradually decreases. Despite the long desorption
time at 298 K, the calculated larger gas response values suggest
that Ti-InP3, Cr-InP3, and V-InP3 monolayers could be
developed as high-performance sensing materials for C3H6O
detection at room temperature. Meanwhile, Ti-InP3 achieves
its recycling in 17.2 min through heating at 698 K, which is an
acceptable recovery time for the reusability of sensors.54

Besides, the Sc-InP3 surface, due to its low gas response, is
unsuitable for C3H6O detection.

In summary, the calculated results in this study show the
huge potentiality of a single-atom transition metal (Cr, V, and
Ti)-doped InP3 monolayer being the effective electrochemical
devices for the sensitive detection of acetone gas. The
theoretical research provides a novelty sensing material for
the noninvasive diagnosis of diabetes mellitus utilizing the
acetone markers. Additionally, beyond the parameters
considered from a theoretical perspective, it is important to
note that many practical factors and conditions may
significantly impact the adsorption and sensitivity of modified
InP3 materials in detecting acetone gas. Therefore, extensive
experimental research is necessary to explore its practical
application value in the diagnosis of diabetes mellitus.

3. CONCLUSIONS
In this work, the adsorption behaviors of pristine 2D-InP3 and
single-atom transition metal (Sc, Ti, V, and Cr)-doped-InP3
materials toward the C3H6O molecule were examined by
employing the density functional theory. The analysis of the
gas response value and adsorption parameters reveals that
pristine 2D-InP3 is inadequate for C3H6O detection. After
single-atom transition metals (Sc, Ti, V, and Cr) are doped on
the InP3 monolayer, the enhanced adsorption energies and the

distributions of frontier molecular orbitals demonstrate the
chemisorption between the four X-InP3 (X = Sc, Ti, V, and Cr)
surfaces and C3H6O with the adsorption order being V-InP3 >
Cr-InP3 > Ti-InP3 > Sc-InP3. The DOS curves and band gap
values indicate the slight change of electrical conductivity in
the four X-InP3−C3H6O (X = Sc, Ti, V, and Cr) adsorption
systems. The low response value (8.1%) shows that Sc-InP3 is
unsuitable for C3H6O sensing, while the high sensitivity
responses (−98.0%, 393.3%, and 393.3%) allow Ti-InP3, V-
InP3, and Cr-InP3 surfaces becoming the potential sensing
materials for C3H6O detection at room temperature. Ti-InP3
realizes recycling through heating at 698 K. Therefore, the
modified Ti-InP3, V-InP3, and Cr-InP3 materials show promise
for contributing to the noninvasive diagnosis of diabetes
mellitus.

4. COMPUTATIONAL DETAILS
A 3 × 3 × 1 supercell of the primitive InP3 monolayer and four
single-atom transition metal (Sc, Ti, V, and Cr)-doped InP3
surfaces with a vacuum space of 15 Å were established for the
adsorption of acetone molecule.47 All calculations were
performed within the DMol3 package on the basis of density
functional theory (DFT).55 The Perdew−Burke−Ernzerhof
(PBE) with the generalized gradient approximation (GGA)
was employed for the geometry optimizations and property
calculations, in which the core and valence electrons were
treated by the DFT semicore pseudopotentials (DSPPs) and
the double numerical plus polarization (DNP).56,57 The TS
method for DFT-D was applied to better describe the van der
Waals force and long-range interactions.58 The Monkhorst−
Pack k-point mesh of 3 × 3 × 1 and of 9 × 9 × 1 were adopt
for geometric and electronic properties calculations with the
global orbital cutoff radius being 5.0 Å. The energy tolerance
accuracy, maximum force, and maximum displacement were 1
× 10−5 Ha, 2 × 10−3 Ha/Å, and 5 × 10−3 Å, respectively.
Besides, the self-consistent field convergence accuracy was set
as 1 × 10−6 Ha to ensure the high accuracy of the whole
calculations.47,59

The binding energy (Eb) of single-atom transition metal (Sc,
Ti, V, and Cr) on the InP3 surface is calculated as

=E E E Eb X InP InP X3 3
, where EX InP3

, EInP3
, and Ex denote

the total energy of the single-atom transition metal-doped InP3
surface, the InP3 monolayer, and the single-metal atom. The
adsorption energy (Ead) between pristine InP3 and X-InP3 (X =
Sc, Ti, V, and Cr) surfaces with the C3H6O molecule is defined
as =E E E Ead InP /C H O InP C H O3 3 6 3 3 6

, wherein EInP /C H O3 3 6
,

EInP3
, and EC H O3 6

are the total energy for the InP3 or X-InP3

(X = Sc, Ti, V, and Cr) with the adsorbed C3H6O, the isolated
InP3 or X-InP3 (X = Sc, Ti, V, and Cr) surface, and the C3H6O
molecule, respectively. Generally, the adsorption system has a
more negative Ead, indicating the stronger interaction between
the substrate and the target molecule.35 The charge transfer
(QT) between C3H6O and the InP3 or X-InP3 (X = Sc, Ti, V,
and Cr) monolayer was quantitatively analyzed by the charge
change of the adsorbed acetone on the basis of the Hirshfeld
method, in which the negative QT value represents the
adsorbed C3H6O as an electron acceptor, while the positive
value denotes the bottom material as the electron acceptor.60

Figure 9. Recovery time of the four X-InP3 (X = Sc, Ti, V, and Cr)
monolayers for C3H6O desorption.
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