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ABSTRACT: Combustion processes produce noxious gases, 9
. . - . . . g 388
causing environmental pollution and health risks, which require / ‘\ :
high-performance sensing materials. Herein, metal—organic frame- Adsorption [ %wx® | Desorption' ~ _ v

work structures (MOFs) Co;(HXTP), (X = H, I, T) with superior
conductivity and sensing properties are employed based on density
functional theory (DFT) calculations. Adsorption energies of ' .
Co;(HXTP),@gas are exceptionally outstanding in the realm of Descriptor o |
gas-sensitive material. Co;(HXTP), bases exhibit a responsive Predict ) j@%
behavior toward the gas by comparing the work function and have Adsorption Energy N

a short recovery time (7). Our results demonstrate that PR '
Co;(HHTP), (r = 1.226 s) and Co;(HITP), (7 = 19.441 s) can

serve as gas-sensitive materials for detecting O, at 298 K, whereas

Coy(HTTP), (z = 694.226 s) can be used for CO at 498 K. Moreover, excellent gas-sensitive properties arise from chemical
interactions, such as the electron “donation—backdonation” mechanism between gas and substrate (¢ — 3d,” and 3d,., 3d,, — 7*),
and the simultaneous refilling of the d-suborbitals (3d,> — 3d,,, 3dyz) within Co atoms. The descriptor ¢ demonstrates excellent
predictive capability for both the adsorption and response of gas-sensitive materials. Our findings provide valuable insights into the
design of gas-sensitive materials in this class of TM;(HXTP), structures.

Work Function™

H INTRODUCTION of raw materials. Due to the various defects in these materials,
there is an urgent need to identify more suitable gas-sensing
materials.

Metal—organic framework structures (MOFs) have a wide

Gases in the combustion process (GCPs), including O,, CO,
CO,, NO, and NO,, are among the most common
atmospheric components. Specifically, excessive O, intake

can accelerate aging in humans. Combustion products such as range of physical and chemical properties, such as the large
NO and NO, contribute to acid rain and smog formation, specific surface area and high porosity, as well as a wealth of
leading to severe soil and water pollution. The presence of CO active lfl_tzeos due to their diverse combinations of polar
causes gas poisoning. CO, plays a prominent role in global atoms. To date, the synthesis of MOFs can be realized
greenhouse effects. Excessive inhalation of GCPs not only through simple room-temperature preparation via a top-down
poses significant risks to human cognitive function but also solution process. The easily controllable and remarkably
jeopardizes life itself. Consequently, the accurate identification efficient catalytic activity bestows MOF materials with
and quantification of these gases are of paramount importance significant research and application value in the pharmaceutical
for the surveillance of the ecological environment and the and chemical industries. Nevertheless, most MOFs exhibit low
safeguarding of human health. electrical conductivity,"**" which significantly influences the

To accurately and quickly monitor the aforementioned performance of electrochemical gas sensors. Pentyala and his
gases, a great deal of studies have been conducted on various colleaguesm found that the original MOF-74 has poor
gas-sensitive materials,”” including metal oxide,"™ Caﬂggflg electrical conductivity. After functional modification with Mg

based materials,™® and transition metal dichalcogenides
(TMDs). However, these materials possess certain limitations
to some extent. Due to the strong polarity of oxygen, metallic
oxide materials exhibit robust adsorption against specific gases
but require high temperatures for activation, thereby resulting
in increased energy consumption and rendering them
unsuitable for mobile devices. Carbon-based materials such
as graphene lack polar active sites, leading to limited sensor
sensitivity and selectivity. TMDs are effortless to degradation
caused by adsorbed gases, leading to the irreversible depletion

and ethylene diamine, the material not only improved its
electrical conductivity but also enhanced its sensing ability
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Figure 1. Optimized structure of (a) Co;(HXTP), and (b) GCP gases. (c) Calculated electron localization function (ELF) of Co;(HHTP),. (d)
AIMD simulation for Co;(HTTP), at 498 K. (e) Band structure and density of states for Co;(HHTP),. The Fermi level is set to be zero (denoted

as red dotted lines).

toward CO,. As a result, it is interesting to find a MOF
material with good electrical conductivity and explore its
potential as a gas-sensitive material.

Recently, a novel MOF material TM;(HXTP), (X = H, I,
T) has already been synthesized”> > and exhibited potential
for room-temperature conductivity.””">° The single-layer
TM;(HXTP), structure is predominantly constructed from
metal atoms and organic ligands HITP (C,sH;,Ny), HHTP
(CsH¢Og), and HTTP (C,gHS¢) interconnected through
covalent bonds. The favorable energy matching between the
linker and the metal orbitals facilitates the extension of the 7-
conjugated system, which promotes effective in-plane delocal-
ization of charge carriers and endows outstanding electrical
conductivity. Moreover, the periodic cavity with a size of
approximately 22 A theoretically enables the encapsulation of a
greater number of gas molecules within superlarge pores.

TM;(HXTP), is widely used for its excellent electrocatalytic
performance, but there are also some experiments in the field
of gas-sensitive materials that confirm its superior gas-sensing
properties. Yao et al.*® reported that Cuy(HHTP), thin films
exhibit outstanding room-temperature sensing performance for
the selective detection of NH; with a rapid response time,
excellent long-term stability, and reproducibility. Campbell et
al.’” successfully utilized Cuy(HHTP),, Cuy(HITP),, and
Ni;(HITP), materials for the detection of volatile organic
gases (VOCs), encompassing five functional groups such as
alcohols, aromatics, ketones, amines, and alkanes. Despite all of
these applications, the gas-sensing characteristics of
TM,;(HXTP), toward combustion process gases have never
been investigated. Therefore, it is necessary to reveal the
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potential application of TM3(HXTP), (X = H, I, T) as a new
kind of gas-sensitive material for GCPs.

In this study, taking advantage of the excellent electrical
conductivity exhibited by Co;(HXTP),>" %3375 e
explore their feasibility as gas-sensitive materials for detecting
GCPs. The gas-sensitive performance of these materials was
evaluated through their adsorption, response, and desorption
behaviors with respect to GCPs. To further elucidate the
origins of their gas-sensing properties, we performed a detailed
analysis of each material’s electronic structures. Results
indicate that Co;(HHTP), and Co;(HITP), are effective for
detecting O,, while CO adsorption exhibits favorable
electronic and geometric characteristics on the Co;(HTTP),
monolayer, suggesting its potential as a highly responsive
material for gas-sensing applications. Furthermore, we
developed a new descriptor ¢ to quantify the response and
adsorption properties of gas-sensitive materials. Our results can
provide a theoretical basis for future experimental validation,
thereby promoting the application of Co;(HXTP), materials in
the detection of gases from combustion processes. This
comprehensive investigation underscores the potential of
Co;(HXTP),-based materials for GCP gas detection and
offers valuable insights into the application of TM;(HXTP), as
an effective gas sensors.

B COMPUTATIONAL DETAILS AND METHODS

In this study, all of the first-principles spin-polarized
calculations are performed using the Vienna Ab-initio
Simulation Package39 (VASP 5.4.4). The interaction between
ions and electrons is described employing projector augmented

https://doi.org/10.1021/acsomega.4c10559
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Figure 2. (a) Adsorption configurations of GCPs on Co;(HTTP),. (b) Bar plot represents the change of the average bond length of the Co-X,
center (Adc,x,) and the line plot shows the adsorption height (hgas) of GCPs. (c) Adsorption energies of various adsorption systems.

waves'’ (PAW) pseudopotential, while the exchange-correla-
tion potential is determined by utilizing the generalized
gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof*' (PBE) functional. The DFT-D3** correction of
the Grimme scheme is employed to elucidate the van der
Waals (vdW) interactions between the gases and substrates.
The cutoff energy is set to 520 eV, while criteria of 107° eV
and 0.02 eV/A are employed for achieving force and energy
convergence in the calculation. To eliminate the interaction
brought by the periodic repeating units, a vacuum layer of 15 A
thickness is added in the z direction. The 2 X 2 X 1 and 3 X 3
X 1 k-point meshes generated based on the Monkhorst—Pack
scheme were employed for the geometric optimization and
calculation of the density of states (DOS) for all systems.
Furthermore, the Bader charge analysis is employed to
quantitatively analyze the charge transfer between the gas
and the substrate. DS-PAW"’ 2023A software is utilized for ab-
initio molecular dynamic** (AIMD) simulations to determine
the thermodynamic stability of Co;(HTTP), simulated at 498
K for 10 ps. The initial placement of the gas is optimized by
locating it 2 A”* away from the surface. The projected crystal
orbital Hamilton populations (pCOHP) are calculated using
the LOBSTER 4.1.0 procedure to quantitatively study the
bond interaction between atoms.

To evaluate the capturing ability of Co;(HXTP),, the
adsorption energy between gas and substrate is calculated by
the following formula: """

Eads = Lgas@Co,(HXTP), — ECOS(HXTP)Z - Egas

(1)

where Egaco,(txtp)y Eco(tixrp), and Eg, represent the total

energy of gas@Co;(HXTP), adsorption systems, the
Co;(HXTP),, and the adsorbed GCP gas, respectively.

The VESTA software is utilized for visualizing the charge
density difference between the gas and the substrate using the
subsequent formula:*®’

18382

Ap = Ppas@Coy(HXTP), — PCoy(HXTP), — Fyas 2)

where pgas@C03(HXTP)2) pC03(HXTP)2) and pgas are the Charge
density of the adsorption systems, Co;(HXTP),, and the
adsorbed gas, respectively.

Bl RESULTS AND DISCUSSION
Structures of GCPs and Co;(HXTP), (X = H, |, T). For

combustion process gases, which mainly contain CO,, CO, O,,
NO, and NO,, the optimized structure is shown in Figure 1b,
and geometric structure information and physicochemical
properties are listed in Table SI. It is noteworthy that O,
exhibits a magnetic moment of 2 y5, and NO and NO, possess
a magnetic moment of 1 py. Additionally, calculations have
been performed for the highest occupied orbital (HOMO) and
lowest unoccupied orbital (LUMO) of GCPs, which are
presented in Table S1. The HOMO and LUMO band gaps
(EL.p) can serve as an indicator of their electron-donating and
feedback capabilities to a certain extent. The E; y width of
GCPs follows the order as CO, (8.108 eV) > CO (6.886 eV)
and O, (6759 eV) > NO (4383 eV) > NO,(2.855 eV),
suggesting a potential adsorption energy sequence of CO, <
CO and O, < NO < NO,.

Co3(HXTP), (X = H, I, T) can be categorized into three
types, designated as Coy;(HHTP),, Co;(HITP),, and
Co;(HTTP),, which, respectively, correspond to X ligand
atoms containing O, N, and S. The Co;(HXTP), structures are
relaxed, as depicted in Figure la, consistent with the early
reports.””?>*® The calculated lattice parameters for
Co;(HHTP), are a = b = 21.50 A, the average bond lengths
of Co-X, (dc,.x4) center are 1.83 A, and the magnetic moment
(M) are 3.206 pg. In addition, the electron localization
function (ELF) diagram in Figure 1c illustrates the formulation
of the electron cavity for Coy(HHTP), around the Co-X,
center, primarily originating from the unbonded electron pairs
of the X ligand atoms, which facilitate gas molecule adsorption
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and thus are selected as potential adsorption sites. The
calculated band structures and density of states (DOS) of
Co;(HHTP), are presented in Figure le and Table S2.
Co;(HHTP), possesses an almost negligible band gap (E,)
width of approximately 0.017 eV. The calculated Ilattice
parameters for Co,(HITP), are a = b = 21.91 A, the dc, x4
is 1.83 A, and the M is 3.067 pp. The ELF diagram is presented
in Figure Sla, and band structures and DOS are presented in
Figure S3. Co;(HITP), exhibits semiconductor behavior with
band gap widths of 0.212 eV. Lattice parameters for
Coy(HTTP), are a = b = 23.22 A, the d¢, x, is 2.13 A, and
the M is 2.823 uy. Figure S1b is the ELF diagram, and band
structures and DOS are presented in Figure S4 with E, widths
of 0.399 eV. Moreover, ab-initio molecular dynamic fAIMD)
simulation was performed to determine the stability of
Coy(HTTP),. As depicted in Figure 1d, Coy(HTTP), can
well maintain the structural integrity after 10 ps at the high
temperature of 498 K, exhibiting remarkable thermodynamic
stability. In summary, all Co;(HXTP), substrates demonstrate
remarkable stability and excellent electrical conductivity.
Adsorption Behaviors of Co3(HXTP), (X = H, I, T) on
the GCPs. Two adsorption manners were considered in order
to evaluate the adsorption behaviors for GCPs, as seen in
Figure 2a. NO and CO molecules are adsorbed on the
Co;(HXTP), surface with the O-terminal (site 2) or N, C-
terminal (site 1). CO,, NO,, and the O, molecules are placed
vertically to the substrate surface end with the O atom (site 1)
or horizontally (site 2) to the substrate. The optimized
structures can be found in Figure SS5. It can be seen that upon
CO/NO adsorption, the gas molecule can be perpendicular to
the monolayer or inclined adsorbed with the C or N atoms
pointing to the Co adatom. For the O, and NO,, they prefer to
be inclined adsorbed on the surface accompanied by O binding
with the Co adatom. The average bond length of the Co-X
center (dc,.x,), and the adsorption height of GCPs (hy,) can

be found in Table S3. For the Co-X, center, the calculated
difference of the average bond length of the Co-X center
(Adc,x,) ranges from 0.025 to 0.081 A (see Figure 2b),

manifesting that the Co atom is slightly pulled out of the
Co;(HXTP), plane upon GCPs adsorption. The summarized
absorption energies (E,q4,) of Co;(HXTP), to each GCP gases
as illustrated in Figure 2c show that the Co;(HXTP), has
strong chemisorption for CO, NO, and NO,, with E 4 ranging
from —1.214 to —2.095 eV. And the adsorption energy of
GCPs gases exhibits a strong inverse ratio with their E;_y, as
previously speculated. The large E 4, for GCPs are associated
with the newly forming Co—O/C/N bonds (ZCO—gas) in Table
S4 (ranging from 1.679 to 1.903 A), which also indicate the
strong interaction. In contrast, the O, molecule possesses a
medium adsorption energy (—0.492 to —0.786 eV) on the
Co3(HXTP),. The CO, adsorption systems with E_g, values of
—0.134 to —0.149 eV exhibit much weaker interactions and a
physical adsorption nature, indicating that the substrate does
not provide sufficient anchoring for CO,. Therefore, it should
be excluded from consideration for the next studies.
Furthermore, the strong interaction between NO, and the
substrate may surpass our expectations, thereby posing a
challenge for desorption. Compared with other common gas-
sensitive materials, it can be found that the adsorption energy
values of Coy(HXTP), for CO/NO/NO,/O, exceed those
reported in previous studies as listed in Table 1. The
adsorption of GCP gases on two-dimensional surfaces such

Table 1. Comparison of the Adsorption Energies of
Co;(HTTP),@CO/NO/NO,/0, in This Study and in
Previous Studies

systems E,49 €V systems E,4 €V
Co;(HTTP),@CO (this  —1.467 Co;(HITP),@NO, (this = —2.095
worl work
Ag-PdSe,@CO* —0.714  MoS,@NO,’ -1.57
Ga-graphene@CO’ —0.674 BC,@NO,"™ -1.69
Ag-Bi@CO™ —142  GeBi@NO,” -1.09
2D-Mg@CO™ —0.508  Au-BSe@NO,*’ —-1L12
Co;(HTTP),@NO (this —1.792  Co,(HITP),@0O, (this —0.786
work) work)
In-Ti,0@NO® —091  Fe,GeS,(010)@0,” —0.46
As,C;@NO™* -031  V,8,@0,™" -0.59
C;B@NO™ —-0.57  N-graphene@0,"* -0.123
Sb-MoTe,@NO*” —0.74  bilayer TiS,@0,* —0.086

as MoS,, BC;, and As,C; is relatively limited. In contrast, the
superior adsorption energy of Co;(HXTP), can be primarily
attributed to its unique charge cavity, which facilitates gas
adsorption and enhances chemical interactions with metal
atoms. Moreover, our results surpass those achieved through
engineering modifications, such as doping or defect introduc-
tion, as reported in previous studies. In summary, compared to
other two-dimensional surfaces, Co;(HXTP), has a more
outstanding gas-anchoring ability. The strong adsorption
energy is primarily due to the stronger adsorption of gas
molecules by the electron cavity, leading to more intense
electron-transfer-dominated chemical interactions. Thus, the
adsorption behavior analysis shows the practical application of
Co;(HXTP), sheet as a potential gas sensor.

Intrinsic Mechanism of the Adsorption. The origin of
these strong adsorption energies has been elucidated through a
deeper-order intrinsic mechanism analysis. Taking
Co3(HTTP),@CO as an example, the spin-polarized total
density of states (TDOS) and projected density of states
(PDOS) are provided in Figure 3a,b, while Figure S6 displays
TDOS for other adsorption systems. Figure 3a clearly
demonstrates that the introduction of gas induces a shift in
the overall energy levels toward higher energy positions, which
can be potentially attributed to the electron flow directed from
the substrate to the gas.

The first row in Figure 3b shows four characteristic orbitals,
namely, 46%, 1z, So, and 27* in free CO molecular within the
range of —6 to 6 eV. The So orbital, being in close proximity to
the Fermi energy level, exhibits a higher tendency for electron
donation, whereas the 27 orbital, positioned above the Fermi
level, is more inclined toward accepting electrons. As shown in
lines 2 to 3 in Figure 3b, the electrons were obviously
transferred from the 5¢ orbital of CO to the 3d,* orbitals of Co
after CO adsorption. Correspondingly, the unoccupied d
orbitals of the Co atom accepted the electrons from *CO,
forming the Co—C bonding state to strengthen the CO
capture, as evidenced by the evident hybridization between
Co_3d and C_2p orbitals around the Fermi level.”” The
integral value of the COHP (ICOHP) between the Co_3d
orbital and the C 2p orbital is —1.89 eV, confirming the
formation of a chemical bond. Furthermore, both 3d,, and 3d,,
orbitals experience splitting, leading to the occupation states
spanning a broader energy range above and below the Fermi
level, accompanied by the disappearance of the asymmetrical
peaks. It illustrates that electrons are returned to the hollow
antibonding 27* orbital of the gas by metal d,, and d,, orbitals,
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of electrons between a-d,,, f-d,., a-d,,, f-d,., a-d.%, and f3-d.? orbitals, and the total number of electron changes for 3d,, (Sum-d,,), 3d,, (Sum-d,,),
and 3d,” (Sum-d,*) orbitals.
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Figure S. (a) Schematic of the work function for Co;(HTTP),@CO and the changes in the work function (A®). The orange line represents AD

of = 0.1 eV. (b) 7 of the adsorption systems.

following the mechanism of “donation—backdonation”. As a
result, 27* orbitals of adsorbed *CO on the catalyst reveal a
significant downshift in comparison with isolated CO
molecular. In summary, there exists a “donation—back-
donation® electron exchange mechanism between the Co
atom at the adsorption site and the vertically adsorbed gas
molecule. Specifically, the gas molecule donates electrons from
its highest occupied ¢ orbital to the metal d,* orbital, which
satisfies the orbital symmetry and has a similar energy level. In
return, the metal d,; and d,, orbitals backdonate a portion of
electrons to the lowest unoccupied 7z orbital of the gas
molecule.

In addition, we also quantitatively analyze the electron
number (Qg) and disparity in the number (AQy) of 3d orbitals
of Co before and after adsorption by integrating PDOS into
the Fermi level, as shown in Tables S5 and Sé6. It can be seen
that the 3d,” orbital undergoes electron loss, while the 3d,, and
3d,. orbitals experience electron gain, as seen in Figure 3c.
Furthermore, the accepted electrons are found in the spin-
down 3d,, (f-d,,) and 3d,. (ﬁ—dyz) orbitals, whereas the lost
electrons occupy the spin-up and spin-down 3d.? orbitals (a-
d,? and f-d,*). Hence, the electron-transfer behavior is not
limited to a simple S6 — 3d.* and 3d,., 3d,, = 27* transition.
Instead, the electrons obtained in 3d,” from the So orbital are
refilled into the 3d,, and 3d,, orbitals (3d,> — 3d,,, 3d,.)
where the electrons were previously depleted. Moreover, the
electrons in the 3d2_ and 3d,, orbitals remain the same,
demonstrating their presence in the adsorption system as
nonbonding orbitals.

Furthermore, the amount of Bader charge transfer between
GCPs and Co,(HXTP), (X = H, I, T) was analyzed based on
the simulation of charge density differences (CDD). The
yellow region represents the charge accumulation, and the cyan
color is the region of charge depletion in Figure 4a—c. As
shown in Figure 4a—c, the GCP molecules gained simulta-
neously in the hollow region of the Co;(HXTP), surface,
which indicated that the charges of GCPs are transformed to
the nanosheet. The Bader charge analysis shows 0.3—0.403 and
0.416—0.538 e charge transfer for O, and NO,, which is a very
high amount than other GCP molecules.

The magnetic moments (M) of both the gas and substrate
warrant our attention. The density profiles of spin-polarized
electron states can be observed in Figure S7. In comparison to
the pristine Co;(HXTP), substrate, CO adsorption leads to a
complete disappearance of spin-polarized electrons at the
adsorption site, whereas O, adsorption preserves these spin-
polarized electrons. Specifically, the percentage change in the

magnetic moment (AM%) caused by the adsorption of each
gas on substrates Co;(HTTP),, Co;(HITP),, and
Co;(HHTP),, as seen in Figure 4d, is calculated by

A M'slab
AM¥% = —————%

Zi A Mislab (3)
where AM®® is the magnetic moment change caused by the
adsorption of gas i (CO, NO, NO,, and O,) on base slab
Co;(HXTP), (X = H, I, and T). The CO adsorption system
shows the largest AM%, whereas the AM% for the O,
adsorption system remains comparatively low, showing two
distinct differences in the changes of magnetic moments (AM,
as provided in Table S7). Meanwhile, Mgy.ufce (after gas
adsorption) undergoes a certain decrease compared to that of
M, (pristine surface), except for Co;(HITP),@0,. As
shown in Figure 4e, we use the maximum energy gap between
the 3d suborbital band centers (Eg,,) to roughly evaluate the
trend in magnetic moment changes; a higher E,, corresponds
to a more pronounced AM. Obviously, the E,, for CO
adsorption (0.582—0.757 eV) is consistently higher than that
for O, adsorption (0.110—0.397 eV) across all substrates,
leading to a significantly greater AM in the CO system
compared to the O, system.

The conductivity of the Co;(HXTP),@GCPs (X = H, I, T)
can be estimated based on the band gap (E,) as shown in the
following equation: %"’

o expl
2kg (4)

Additionally, the change rate of the band gap (AE, %) is also
calculated as follows:

IAE,]

AEg% =

By, (%)

where AE, = E,, — E is the band gap difference of the
adsorption systems (Egj and the pristine Co,;(HXTP), (X =
H, I, T) slab (E), the T denotes temperature, and the kg is
Boltzmann’s constant (8.62 X 10™° eV K™'). As shown in
Table S4, the band gaps all decreased with different degrees
with the values of AE, in the range of —0.006 to —0.397 eV.
The conductivity of the substrate dramatically improves along
with the reduction of band gap in all adsorption systems, which
is advantageous for detecting resistance changes caused by gas
adsorption. Specifically, AE, % for Co;(HXTP), (X = H, I, T)
are 35.29—-82.35%, 44.81—96.7%, and 29.57—99.50% in
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Co;(HXTP),@gas, in Figure 4f, respectively. Furthermore, the
adsorption of CO could maximum decrease the values of band
gap with the AE,% changes of 82.35-98.75%. This
observation implies that CO adsorption has the most
pronounced influence on the conductivity of the Co;(HXTP),
material and that CO is the most promising gas for achieving
electrochemical gas-sensitive detection. Furthermore, the
HOMO and LUMO distributions can reflect the improvement
of conductivity. Taking Co;(HTTP),@Co as an example, the
adsorption of CO introduces a redistribution of electron
clouds, causing changes in the energy values of HOMO and
LUMO, as depicted in Figure 4g. It is evident that there is a
significant quantity of LUMO dispersed around the CO,
suggesting that these electrons are free to transfer throughout
the adsorption process. Moreover, the HOMO and LUMO
band gaps (E,_y) significantly reduce upon CO adsorption,
thereby enhancing the conductance of the adsorption system
and enabling gas detection. The alterations in both the band
gaps, HOMO and LUMO orbitals, demonstrate an enhance-
ment in conductivity subsequent to gas adsorption, so
Co;(HXTP), can be used as a resistive gas sensor to detect
CO, NO, NO,, and O,.

Sensing Properties and Recovery Time. Sensing
properties are recognized as indicators of the electrochemical
gas sensors by considering the change of resistance. The
variation of the work function (@) can directly reflect the
response of the substrate to the gas by changing the resistance
of the system. Generally, the ® refers to the difference between
the vacuum and Fermi levels, as shown in Figure Sa, which is

calculated by**®*~%*
o= Evac - EFermi (6)
where the E,,_ is the vacuum level and the Ep,,; is Fermi level.

The calculated ® (in Table S2) of Co;(HHTP),, Co3(HITP),,
and Co;(HTTP), are 5.302, 4.152, and 5.364 eV, respectively.
After the adsorption of GCPs, the @ value undergoes
considerable changes to the range of 4.063—5.623 eV. The
difference of work function (A®) between the pristine
Co;(HXTP), and the Co;(HXTP),@GCPs systems increased
with different degrees. For example, the A® of
Co;(HHTP),@NO,/0,, Co;(HITP),@NO,/0,, and
Co3(HTTP),@NO, are 0.321, 0.129, 0.416, 0.188, and
0.182 eV, respectively, while that of Co;(HTTP),@CO is
—0.110 eV. Taking Co;(HTTP),@CO as an example again,
the decrease of the work function implies that electrons can
more easily escape from Co;(HTTP),, thereby increasing the
electron density on the material surface. This indicates that the
adsorption process of CO is accompanied by an increase in
electrical conductivity, enabling excellent detection of CO by
an electrical measurement. So, these pronounced variations in
work function demonstrate that the substrate exhibits excellent
gas responsiveness and can be preferentially detected. In short,
the superior sensing properties of Coy(HXTP), is primarily
attributed to the strong chemical interactions. Gas molecules
adsorbed within the electron localization cavities of
Co3(HXTP), can change the electron transport pathways in
the material, resulting in significant changes in its electrical
conductivity, which facilitate their detection. In addition, we
compared relevant previous studies, as shown in Table 2. It can
be seen that our research with a high sensing performance for
the adsorption of NO,, O,, and CO demonstrates advantages
over some earlier studies. A larger change in the work function
indicates a stronger gas-sensing capability, which also suggests

Table 2. Comparison of the Changes of Work Function
(A®) of Cos(HTTP),@CO/NO,/O, in This Study and

Previous Studies

AD,
systems AD, eV systems eV
Co,(HITP),@NO, (this 0416  Fe,Pc@NO,* 0.160
work)

Co;(HITP),@0, (this work) 0.188  ZnO-MoS,@NO,"”  0.327
Co;(HTTP),@CO (this work) —0.110  MoTe,Sb@NO,"’ 0.174
2D-Mg@CO™* 0.001  Pt-HfTe@NO," 0.390
Pt-HfTe@CO® 0.110  b-Bi@CO* 0
SiAs@0,"” -0.005 C,N@O," 0.190

that the Co;(HXTP), material is more suitable for use as a
corresponding gas-sensing material. Thus, they are selected for
further desorption characteristics studies.

In order to be reused, the adsorbed gas should be able to
desorption smoothly so that the gas-sensitive material can
return to its preadsorption state; hence, the reasonable
recovery time of gas-sensitive materials has been a focus of

research. The recovery time (7) is calculated by® ="'

_ a1 ( IEadsl ]
T=A "exp| ——
kg T (7)

where E,q is the adsorption energy of gases, and the A™'
represents the apparent frequency factor (10'* s™!). The 7 can
be reduced by heating, and strong E,4 can lead to longer 7,
according to the formula. As seen in Figure Sb, the 7 is then
investigated at 298 and 498 K. Due to the moderate E
Co;(HHTP),@0, and Co;(HITP),@0O, exhibit rapid recov-
ery at 298 K, with 7 of only 1.226 and 19.441 s, respectively.
Furthermore, Co;(HTTP), at 498 K has a short 7 of 694.226 s,
indicating that CO can desorb from Co;(HTTP), at high
temperatures. However, caused by the large E 4, the 7 values
for the other systems are significantly prolonged, suggesting
their unsuitability as gas-sensitive materials. Therefore, after
the adsorption of gases, some Co;(HXTP), can rapidly return
to its original surface state within a short period, allowing for
the subsequent adsorption, sensing, and desorption of gases.
This indicates that it possesses long-term stable gas-sensing
performance, significantly enhancing the economic viability of
using Co;(HXTP), as a GCPs sensing material. In conclusion,
Co;(HHTP),@0,, Coy(HITP),@0,, and Co;(HTTP),@CO
exhibit favorable 7 values, demonstrating their suitability as
highly efficient gas-sensitive materials.

Descriptors of the Gas-Sensitive Material. For gas-
sensitive materials, it is essential but challenging to identify key
parameters and suitable descriptors. A perfect descriptor
should exhibit strong correlation with both the adsorption
energies of GCPs (E,q) and change in the work function
(A®). In this regard, we proposed several key parameters and
made a heat map of the Pearson correlations related to E, 4, and
A®. The features utilized for constructing the Pearson
correlation coefficient (P) heat map encompass the electron
count in spin-up and spin-down d/p-orbitals (@-Qrpqg S-
Qrmar ¥ Qgasp ,B—ans_P) of substate and the GCPs, and
electron changes (Aﬁ—deﬁdy , Ap-Qq2) for d,, d,,, and d? of

the Co atom. The LUMO—HOMO band gap (E;_y) and
average Pauling electronegativity ()(gas_avmge) are for the gas
molecules. The lattice constant (ag,,), work function (®,,,),
and d-band center (a-@4, f-¢,) for the substrate. In Figure 6a,

the chordal thickness connecting each feature represents the
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correlation coefficients are displayed in gray. (b) Heat map of the Pearson correlation coefficient between the ¢, the features used by the

constructed descriptor and A®, E 4.

absolute value of their Pearson correlation coefficient (P,
detailed parameters can be found in Figure S8). It is
noteworthy that some features show strong correlation with
either A® or E_;, but no feature exhibits an ideal correlation
coefficient ([Pl > 0.7) with both targets simultaneously. Thus,
we proposed a descriptor ¢ with the following formula:

ELH X1

p-Q

Co-gas

» =
(8)

The Jgus-average and the f- ans p ere selected as divisors due
to their prevalent use in previous’>~ descriptors involving the
product of electronegativity and electrons count. In this study,
incorporating gas properties enables a more comprehensive
characterization of diverse adsorption systems compared to
focusing solely on the properties of the Co metal. Additionally,
these gas-related factors demonstrate a stronger correlation
with the target variable, as indicated by the heat map in Figure
S8. Meanwhile, the product of E;_y and Ig,.4,, was chosen as
the dividend, where E;_j; exhibits the best dual-correlation
performance, and I, g, accounts for the adsorption structure
correlation effects. The created descriptor ¢ exhibits an
absolute value for the Pearson coefficient of over 0.7 for
both A® or E_y, as illustrated in Figure 6b. The ¢ exhibit a
strong negative correlation coeflicient of —0.73 with the work
function, and conversely, a significant positive correlation
coeflicient of 0.72 with the E 4. This confirms that it can assess
both targets simultaneously. Consequently, we can conclude
that descriptor ¢ enables a rapid assessment of the adsorption
and response properties of gas-sensitive materials.

8as-p

gas average

B CONCLUSIONS

This study focuses on metal—organic framework structures
(Cos(HXTP),) to explore their feasibility as gas-sensitive
materials for combustion process gases (GCPs). We calculated
the adsorption energies (E,q,), variation in work function
(A®), and the recovery time (7) for the adsorption systems.
Among these systems, Co;(HHTP),@0,, Co;(HITP),@0,,
and Coy(HTTP),@CO exhibit excellent response character-
istics with the A® of 0.129 0.188, and —0.110 eV, respectively.
For Co;(HHTP),@0, and Co;(HITP),@0,, although the
adsorption energies are not the best, the moderate E_g4
(—0.715 and —0.786 eV) imply very short recovery time at

18387

298 K, which are 1.226 and 19.441 s, respectively, suggesting
potential in gas-sensitive materials. The Co;(HTTP),@CO
possesses outstanding E.4 of —1.467 eV and 7 of merely
694.226 s at 498 K, which makes Co;(HTTP), a highly
promising candidate for CO gas sensing. In the case of
Co;(HTTP),@CO, the strong chemical interaction follows a
“donation—backdonation” mechanism, where electrons trans-
fer between Co and CO (5S¢ — 3d,” and 3d,,, 3d,, —27%),
alongside electron rearrangement within d orbitals of Co atom
(3d,> - 3d,, 3d ). The results of the change in magnetic
moment (AM), the band gap (E ), and the HOMO and
LUMO band gaps (E;_y) imply the transfer of electrons and
an increase in conductivity. The introduced descriptor ¢ shows
a strong linear correlation with E_ 4 and A®, with the Pearson
correlation coeflicient of 0.72 and —0.73, respectively, which
can be used as a possible predictor for gas sensitivity. We
believe that these findings offer valuable insights for further
exploration of TM;(HXTP), as catalysts or gas-sensitive
materials.
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