IEESAPPLIED MATERIALS

INTERFACES

Research Article

www.acsami.org

Monolayer Ti,CO,: A Promising Candidate for NH; Sensor or
Capturer with High Sensitivity and Selectivity

Xue-fang Yu,” Yan-chun Li* Jian-bo Cheng,Jr Zhen-bo Liu,’ Qing-zhong Li," Wen-zuo Li," Xin Yang,Jr

and Bo Xiao®"

"The Laboratory of Theoretical and Computational Chemistry, School of Chemistry and Chemical Engineering, Yantai University,

Yantai 264005, China

“Institute of Theoretical Chemistry, Jilin University, Changchun 130021, China

© Supporting Information

ABSTRACT: Ti,C is one of the thinnest layers in MXene
family with high potential for applications. In the present
study, the adsorption of NH;, H,, CH,, CO, CO,, N,, NO,,
and O, on monolayer Ti,CO, was investigated by using first-
principles simulations to exploit its potential applications as
gas sensor or capturer. Among all the gas molecules, only NH;
could be chemisorbed on Ti,CO, with apparent charge
transfer of 0.174 e. We further calculated the current—voltage
(I-V) relation using the nonequilibrium Green’s function
(NEGF) method. The transport feature exhibits distinct
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responses with a dramatic change of I-V relation before and after NH; adsorption on Ti,CO,. Thus, we predict that
Ti,CO, could be a promising candidate for the NH; sensor with high selectivity and sensitivity. On the other hand, the
adsorption of NH; on Ti,CO, could be further strengthened with the increase of applied strain on Ti,CO,, while the adsorption
of other gases on Ti,CO, is still weak under the same strain, indicating that the capture of NH; on Ti,CO, under the strain is
highly preferred over other gas molecules. Moreover, the adsorbed NH; on Ti,CO, could be escapable by releasing the applied
strain, which indicates the capture process is reversible. Our study widens the application of monolayer Ti,CO, not only as the
battery material, but also as the potential gas sensor or capturer of NH; with high sensitivity and selectivity.
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1. INTRODUCTION

NH; is the most common substitute for chlorofluorocarbons
(CFCs) in cooling systems, and it is a toxic compound and
volatile, which is very harmful to the human body.' On the
other hand, NH; has been widely used to synthesize various
materials in chemical industries and is a promising candidate as
a future energy carrier in vehicles and as an NHj reservoir for
the selective catalytic reduction (SCR) of NO, gases in diesel
cars and trucks.”"® Thus, it is highly desirable to find an
effective method to sensor and capture the NH; gases for
atmospheric environmental controls and industry applications.

Semiconducting metal oxides and low-dimension materials
have been considered to be the most promising candidate for
gas sensors, which is due to its advantages such as low cost,
small dimensions, and great compatibility with conventional
microelectromechanical processing. So far, NH; sensors based
on metal oxides (such as SnO,, TiO, In,0,)"° and low-
dimension materials (such as carbon nanocone;'® silicon
carbide nanotube;'' Al, B, Li, N-doped carbon nanotube; >

Ga, Al-doped boron nitride nanotube;16 and Au, B-doped
graphene'”'®) have been widely studied. However, the major
drawback of these sensors is the lack of selectivity to only one
particular gas (NH;), and most of these sensors show long
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recovery times at room temperature due to the tendency of
NH; to strongly interact with many substrates. On the other
hand, NHj storage has been widely studied, and it is found that
the metal ammines Mg(NH;),Cl,"* Sr(NH;),CL,*° and mixed

metal halide ammines®!

could store NH; very effectively.
However, the release of NH; from these materials needs either
high temperature (>450 K) or multistep reactions, which are
not suitable for automotive or fuel cell applications.

Very recently, MXene has attracted worldwide attention due
to its structural similarity to graphene.””** MXene could be
obtained from the removal of “A” group layer from the MAX
phase, where “M” represents an early transition metal, “X”
denotes C or N, and “A” is an A-group (mostly IIIA and IVA,
or groups 13 and 14) element.”** Since Gogotsi et al. revealed
the potential use of MXene layers as the electrochemical energy
storage, such as electrode for batteries, supercapacitors, and
hybrid devices,”* several theoretical and experimental studies
extensively reported the performance of MXene as anode
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material for metal ion batteries, the spintronic, and the optical
devices.”>~**

Among all the MXenes, Ti,C is one of the thinnest phases,
and it is found to be terminated with several kinds of functional
group, such as F, OH, and/or O in the real etching process with
HF acid.**** It has already been revealed that the electronic
property of Ti,C is strongly dependent on the functional group,
with only Ti,CO, exhibiting semiconductor character, Ti,C,
Ti,CF,, and Ti,C(OH), exhibiting metallic character.””*°
Thus, Ti,C with O termination may possess much more
potential applications than other terminations in view of its
semiconducting property.31

In this work, the potential of monolayer Ti,CO, as the gas
sensor and capture is explored by first-principle simulation. The
preference adsorption of NH; against the other gas molecules
(H,, CH,, CO, CO,, N,, NO, and O,) on monolayer Ti,CO,
suggests the selectivity of monolayer Ti,CO, toward NH;. The
distinct transport feature with a dramatic change of I-V
relation before and after NH; adsorption indicates the strong
sensitivity of monolayer Ti,CO, toward NH;. More impor-
tantly, the interaction of monolayer Ti,CO, with NH; can be
tuned easily by strains, indicating the facile way of NH; capture
and releasing using monolayer Ti,CO,.

2. COMPUTATIONAL METHOD

The density functional theory (DFT) calculatlon was performed using
the Vienna Ab-Initio Simulation Package.>** The electron—ion
interaction was described by projector augmented-wave (PAW)**
pseudopotentials. For the exchange and correlation functionals, we use
the Perdew—Burke—Ernzerhof (PBE) version of the generalized
gradient approximation (GGA).* The energy cutoff of 520 eV was
used for the wave functions expansion. The Brillouin zone integration
was sampled by with 3 X 3 X 1 k-grid mesh for geometry optimization,
and 5§ X 5 X 1 k-grid mesh for electronic properties calculations to
achieve high accuracy. The geometries were fully optimized until the
forces on each atom is less than 0.01 eV/A. The van der Waals
interaction is introduced to treat the interaction between gas
molecules and the monolayer Ti,CO,, and it is described by a
semiempirical correction by the Grimme method.*® The periodic
structure of Ti,CO, monolayer (3 X 3 supercell) has been decoupled
by a vacuum thickness larger than 20 A.
The adsorption energy (E,q4) is defined as

E.4s = Etincor+Gas — EGas — Etincoz

where Ercoa:cqs 18 the total energy of monolayer Ti,CO, adsorbed
with gas molecule, Eg, is the total energy of gas molecule, and Ery,co,
is the total energy of monolayer Ti,CO,.

The electron transport calculatlons were performed using the
Atomistix ToolKit (ATK) package®” based on the density functional
theory and nonequilibrium Green’s function (NEGF) method. A
numerical atomic basis set, a single-{ basis with polarization, was used
to solve the Kohn—Sham equation. GGA in the PBE form was
adopted for the electron—electron interactions. The K-point sampling
in the direction parallel to the interface (the x and y directions) is 2 X
2, and the number of real space mesh in the z direction is S0.

3. RESULTS AND DISCUSSION

The most stable structure of O functionalized monolayer Ti,C,
as mentioned in our previous study,”® is shown in Figure 1. The
lattice parameter of Ti,CO, unit cell is 3.04 A, which is
consistent with other theoretical studies.”®*” We first consider
several typical and possible adsorption sites for the gas
molecules (NH;, H, CH, CO, CO,, N, NO,, and O,)
adsorption on the monolayer Ti,CO,, including the top site
over Ti, C, or O atom, bridge site between neighboring O and
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Figure 1. A schematic illustration of (a) side, and (b) top view of the
adsorption of NH;, H,, CH,, CO, CO,, N,, NO,, or O, molecule on
monolayer Ti,CO,.

O, or Ti and O atoms. Also, several typical orientation of gas
molecules with respective to the monolayer Ti,CO, surface are
considered. Taking NH; molecule’s adsorption as an example,
NH; molecule is initially placed vertically (including Ti,CO, <
H-NH,, and Ti,CO, < H,—NH) or parallel (including
Ti,CO, < N—H;, and Ti,CO, < H;—N) to the surface of
monolayer Ti,CO, for all the studied adsorption sites, and in
each case, all the typical orientation of NH; molecules are
considered.

The most stable structures for the adsorption of gas
molecules on monolayer Ti,CO, are shown in Figure 1, and
the corresponding adsorption energies, charge transfers, and
the nearest distance between gas molecules and Ti,CO, sheet
(denote as dg,,_12coy) are listed in Table 1. In the case of NH,

Table 1. Adsorption Energy (E,q,), the Charge Transfer (Cy)
from Gas Molecule to Ti,CO,, and the Nearest Distance
(dgas—Tizcos) between Gas Molecule and Ti,CO,

gas molecules E,y (eV) Cr (e)° dgas—tincos (A)
NH; —0.37 0.174 2.35
H, —0.05 0.003 2.76
CO —0.07 0.004 3.19
CO, —0.14 —0.007 3.08
NO, —-0.12 —0.003 3.35
(0 —0.08 —0.003 3.46
N, —0.12 —0.002 3.71
CH, —0.11 —0.001 3.06

“A positive Cr value indicates a transfer of electrons from the gas
molecule to Ti,CO,.

molecule, the strongest binding site is found to be the former
with the N atom located directly above the Ti atom in Ti,CO,,
as shown in Figure 1. This structure has the adsorption energy
of —0.37 eV and a charge transfer of 0.174 e from the NH; to
the Ti,CO,. The as-formed N—Ti bond length is 2.35 A.
Furthermore, the NH; adsorption induces a locally structural
deformation to both NH; molecule and Ti,CO,. The dihedral
angle of H-H—H—-N in NH; decreases from 39.50° in free
NH; to 35.42° in the adsorbed form. The NHj-adsorbed Ti
atom is pulled outward from the layer with its neighboring Ti—
C bond length increase from 2.08 to 2.35 A. The three O atoms
adjacent to N atom have slightly moved away from its original
position due to the repulsion between O atoms and N atoms.
The local structure deformation together with the charge
transfer indicates the strong interaction of NH; with monolayer
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Figure 2. Total charge density and the density of states of (a) CO, and (b) NH; adsorption on monolayer Ti,CO,.

Ti,CO,, which is very consistent with the small adsorption
energy.

In contrast, other gas molecules (H,, CH,, CO, CO,, N,,
NO,, and O,) exhibit quite different adsorption behavior
compared with the case of NH;. As shown in Table 1, the
adsorption energies of these gas molecules on monolayer
Ti,CO, range from —0.0S to —0.14 eV, and the charge transfers
between gas molecules and monolayer Ti,CO, are from —0.007
to 0.004 e, which are obviously smaller than that in the case of
NH; (adsorption energy —0.37 eV, and charge transfer 0.174
e). As shown in Figure 1, the adsorption of these gas molecules
has a relatively large dg,_1sco, value and the change in the
structures of gas molecules and Ti,CO, is negligible, which
implies the weak interaction between them. In detail, as shown
in Figure 1, H, (or CO) molecule tends to be vertically
adsorbed on the O (or C) site of Ti,CO,. The di12(or CO)-T2CO2
and the adsorption energy is 2.76 (or 3.19) A and —0.05 (or
—0.07) eV, respectively; CO, (or NO,) molecule prefers to
adsorb on the O site of Ti,CO,, and the O—C—0 (or O—N—
O) bond is parallel to the Ti,CO, sheet, the dcos(or nO2)-T2C02
and the adsorption energy are 3.08 (or 3.35) A and —0.14 (or
—0.12) eV, respectively; O, (or N,) molecule prefers to adsorb
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on the O site of Ti,CO, sheet with a tilt structure, the
doa(or N2)-T2c02 and the adsorption energy are 3.46 (or 3.70) A
and —0.08 (or —0.12) €V, respectively. Lastly, CH, molecule
tends to be adsorbed on the O-site with one C—H bond
perpendicular to the surface of Ti,CO, sheet while the other
three C—H bonds point to the O atoms. The calculated
dcra—t2c0» and the adsorption energy are 3.06 A and —0.11 eV,
respectively.

To analyze the electronic interaction between the gas
molecules and Ti,CO, sheet, we calculate the density of state
(DOS) and total charge density. Taking the adsorption of NH,
and CO, on Ti,CO, as examples, in the case of CO,, the total
charge density (Figure 2a) shows no overlap between CO, and
Ti,CO,, indicating the weak interaction between them, and
correspondingly the change in the DOS of Ti,CO, is negligible
as shown in Figure 2a. Similar results also could be found in the
case of the other gas molecules (including H,, CH,, CO, N,,
NO,, and O,). In view of the weak interaction and the few
charge transfer between Ti,CO, and these gas molecules
(including H,, CH,, CO, CO,, N, NO,, and 0,), Ti,CO,
could not be the sensor to these gas molecules. In contrast, in
the case of NHj, the electronic charge are strongly overlapped,
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as shown in Figure 2b, leading to orbital mixing and large
charge transfer. The adsorption of NH; induces several distinct
states at the lower-lying valence bands in the energy range
around —2.5 eV; however, there is no noticeable modifications
of the DOS near Fermi level (Eg), as shown in Figure 2b. Thus,
the adsorption of NH; does not have a substantial effect on the
electronic structure of monolayer Ti,CO,. It should be noted
that the adsorption-induced charge transfer is expected to affect
the resistivity of the system, which can be measured
experimentally and could be a marker for gas sensors. The
evidence could be found in detecting NH; molecule by using
MoS, and phosphorene,**** where the resistivity of the system
increases obviously after the adsorption of NH; due to the
relatively large charge transfer between them, although the
change in the electronic properties of system is negligible.

To quantitatively evaluate the performance of monolayer
Ti,CO, as the NHj; sensor, we simulated the current—voltage
(I-V) relations before and after the NH; adsorption using the
NEGF method, which allows the monitoring of the resistivity
change in sensing materials upon the adsorption of chemicals.
Ti,CO,-based sensor is simulated using a model consisting of a
Ti,CO, sheet contacted by two Ti,CO, electrodes, as shown in
Figure 3a. The I-V curves for such Ti,CO, junctions with and
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Figure 3. (a) A schematic illustration of Ti,CO,-based sensor for
detecting NH; molecule; (b) the current—voltage (I-V) relations
before and after the adsorption of NH; or CO, molecule on
monolayer Ti,CO,.

without the adsorption of NH; molecule is shown in Figure 3b.
The I-V curves of Ti,CO, exhibits a clear nonlinear behavior.
After the adsorption of NH; molecule, a dramatic increase of
current is observed when the applied bias voltage larger than
0.9 V, indicating the high sensitivity of Ti,CO, sensor to NH;.
In detail, the current passing through the monolayer Ti,CO, is
0.68 pA under the bias voltage of 1.2 V, but with the adsorption
of NH; molecule, the current under the same bias is increased
to 1.44 pA, which is about the 111% increase. The increase in
the current indicates the decrease of resistance after the NHj;
adsorption, which could be directly measured in experiment. As

a comparison, the I-V curves before and after the adsorption of
CO, molecule on Ti,CO, have been calculated as shown in
Figure 3b. In this case, the current change is negligible with the
increase of applied bias voltage, and the main reason may result
from the little charge transfer (—0.007 e) between them.
Similar I-V character is also expected to occur when the other
gas molecules (ie., H,, CH,, CO, N,, NO, and O,) adsorb on
Ti,CO, due to the same reason. This result further confirms
the high selectivity of Ti,CO, as the NHj sensor. In view of the
dramatically increased current value after the NH; adsorption
on Ti,CO,, together with the relatively large charge transfer
(0.174 e) between NH, and Ti,CO, as compared with other
gas molecules (from —0.007 to 0.004 e), we predict that
monolayer Ti,CO, is a promising candidate to sensor NHj
molecule with high sensitivity and selectivity. It should be noted
that the adsorption energy of NH; on Ti,CO, is —0.37 €V,
which is suitable for adsorption/desorption of gases on/from
Ti,CO, surface, and thus, the Ti,CO, sensor could recover
easily after detecting NHj.

As mentioned above, MoS, and 3phosphorene have been
proposed to be the NH; sensors.*®” In this work, we also
theoretically estimate the performance of MoS, and phosphor-
ene as the NH; sensor in comparison with Ti,CO,. To do so,
we have initially considered all the possible structures for the
adsorption of NH; on MoS, and phosphorene, and the
corresponding most stable structures are very similar to the
previous studies.**** The calculated adsorption energies and
the charge transfers between NH; and MoS, (and phosphor-
ene) are listed in Table 2. These results are very consistent with

Table 2. Adsorption Energy (E,4,) and Charge Transfer (Cy)
from NH; Molecule to Different 2D Materials

gas molecules E (eV) Cr (e)*
Ti,CO, ~0.37 0.174
Ti,C(OH), —0.48 —0.117
TiyG,0, —0.34 0.166
V,CO, —0.81 0.265
phosphorene -0.21 0.028
MoS, -0.16 0.040

“A positive Cr value indicates a transfer of electrons from the NH;
molecule to 2D materials.

previous studies.*®*® Similar to the case of Ti,CO,, the
electronic properties of MoS, and phosphorene after the
adsorption of NHj are not substantially changed,®®*’ and thus,
the adsorption-induced charge transfer could act as a marker for
gas sensors. It is found that the charge transfer from NH; to
MoS, (0.040 e) or phosphorene (0.028 e) is obviously smaller
than that in the case of Ti,CO, (0.174 ). Correspondingly, the
calculated I-V curve (Figure 4) before and after the adsorption
of NH; on MoS, or phosphorene shows less current change as
compared with the case in Ti,CO,, which implies the superior
sensitivity of Ti,CO, as the NHj sensor as compared with
MoS, and phosphorene. It should be noted that the adsorption
energy of NH; on MoS, or phosphorene is smaller than that of
Ti,CO,, and thus, shorter recovery time is needed in MoS, or
phosphorene compared with the one in Ti,CO, after detecting
NH;.

As we know, Ti,CO, is one of the members among MXene
family.”*** 1t would be very helpful to learn about the
adsorption of NH; molecule on other kinds of MXenes with
different surface terminations (i.e., Ti,C(OH),), structures (i.e.,
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Figure 4. Calculated I-V curve before and after the adsorption of
NH; on Ti,CO,, MoS,, and phosphorene.

Ti;C,0,), and transition metals (i.e., V,CO,). To do so, we
have considered all the possible structures for adsorption of
NH,; molecule on monolayer Ti,C(OH),, Ti;C,0, and V,CO,,
and the corresponding most stable structures are shown in
Figure S1 in the Supporting Information. For the adsorption of
NH; on Ti,C(OH),, the N atom of NHj is located directly on
the top of H atom in Ti,C(OH), in the most stable structure,
while for the adsorption of NH; on Ti;C,0, or V,CO,, the
most stable structure is similar to the case in Ti,CO,, where the
N atom of NH; adsorb on the top of transition metal (Ti or V).
The corresponding adsorption energy and charge transfer
values are listed in Table 2. It is found that the absolute values
of charge transfer in all the above cases are larger than 0.117 e,
which indicates the strong interaction of NH; with them. As
mentioned above, the large charge transfer values could be
measured experimentally and could be a marker for gas sensors.
While the larger adsorption energy of NH; on Ti,C(OH),
(—0.48 eV) or V,CO, (—0.81 eV) implies the longer recover
time after detecting NH;, compared with NH; absorption on
Ti,CO,. In the case of NH; adsorption on Ti;C,0,, due to the
surface structural similarity between Ti,CO, and Ti;C,0,, both
the adsorption energy and the charge transfer between NHj;
and Ti;C,0, are very close to the ones in NH; absorption on
Ti,CO,, and thus, it is expected that the Ti;C,0, could be
another promising candidate for NHj; sensor.

Next, we consider the possibility of Ti,CO, as the capturer
for NH; gas. As mentioned above, the adsorption energy of
NHj; on monolayer Ti,CO, is —0.37 eV. According to Guo et
al,, the adsorption energy should be greater than —0.50 eV to
effectively capture gas molecule on solid surface.*' Thus, the
perfect monolayer Ti,CO, is unsuitable for NH; gas capture
due to its relatively small adsorption energy (—0.37 eV). As
shown in Figure 2b, after the adsorption of NH; on Ti,CO,,
the charge transfer mainly occurs between the N atom of NH;
and Ti atom of Ti,CO,, and thus, the modification of charge
state on N or Ti atom might result in the change of adsorption
energy. On the other hand, our previous study showed that the
charge state on Ti atom of Ti,CO, decreases with the increase
of the applied strains.”® Thus, we assume that more electrons
might transfer from the N of NH; to the Ti of Ti,CO, after
NHj; adsorption to compensate the decreased electrons on the
Ti atom of monolayer Ti,CO, if strain is applied; consequently,
the adsorption of NH; molecule on Ti,CO, might be further
strengthened after applying strains.

To verify this ideal, the adsorption of gas molecules on
monolayer Ti,CO, with biaxial strains (from 1 to 4%) have
been studied, where the strain is defined as & = (a — ag)/a,
where aj and a are the lattice parameter of the unit cell without
strain and strain, respectively. As shown in Figure 5, the

0.0
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Figure 5. Adsorption energies of gas molecules (including NH;, H,,
CH,, CO, CO,, N,, NO,, or O,) on monolayer Ti,CO, as a function
of applied biaxial strains (from 0 to 4%).

adsorption energy of NH; on Ti,CO, dramatically decreases
with the increase of applied biaxial strains on Ti,CO,. For
example, the adsorption energy becomes —0.51 eV when 3%
biaxial strain is applied. Taking the adsorption energy of —0.50
eV as the reference*' for the gas capturer, our results reveal that
the NH; gas could be effectively captured on monolayer
Ti,CO, with the biaxial strains larger than 3%. In contrast, the
adsorption energies of other gas molecules on Ti,CO, only
change slightly after applying biaxial strains, and the interaction
between them is still very weak, indicating that the capture of
NH; on monolayer Ti,CO, under the biaxial strain is highly
preferred over other gas molecules. Moreover, the capture of
NH; on monolayer Ti,CO, is reversible, that is, the adsorbed
NHj; can be released by releasing the applied biaxial strains.
Thus, we predict that the monolayer Ti,CO, could be a
promising material for efficient NH; capture, separation, and
storage. It should be noted that the sensitive strain dependence
behavior also has been reported in the adsorption of NHj;
molecules on monolayer MoS,.**

Finally, we present the simulated X-ray diffraction (XRD)
patterns and constant-current scanning tunneling microscopy
(STM) for the Ti,CO, structure before and after NHj;
adsorption, as shown in Figure S2 (Supporting Information).
In XRD patterns (Figure S2a, Supporting Information), the first
and second strong peaks are located between the diffraction
angle 0 and 10°, and the intensity of the second peak decrease
slightly after the NH; adsorption. In Figure S2b (Supporting
Information), the STM images are simulated around the Fermi
level Ep (ranging from Ep —0.5 eV to Ep), employing the
Tersoff—~Hamann approach.”® It is found that the bright
protrusion appears after the adsorption of NH; on Ti,CO,,
which is contributed from NH; molecule. All these results can
provide useful information for future experimental studies for
identifying the structure from the experimental samples.

4. CONCLUSION

By using first-principle simulation, we show that Ti,CO, could
be a promising candidate for the NH; sensor with high
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selectivity and sensitivity, which is deduced on the basis of the
following evidence: (1) only NH; could be chemisorbed on the
monolayer Ti,CO, as compared with other gas molecules (H,,
CH,, CO, CO,, N,, NO,, and O,); (2) the adsorption energy
of NH; on Ti,CO, is —0.37 eV, which is suitable for
adsorption/desorption of gases on/from solid surface, and
thus, the Ti,CO, sensor could recover easily after detecting
NH;; (3) the electronic conductivity of Ti,CO, has been
significantly enhanced after the adsorption of NHj, leading to
the high sensitivity of the Ti,CO, sensor to NH;. In addition,
the interaction between NH; and Ti,CO, could be further
enhanced by applying strains on Ti,CO,, that is, the adsorption
energy becomes —0.51 eV when 3% strain is applied, while the
adsorption of other gases on Ti,CO, is much weaker than that
of NH; under the same strain. Thus, our results show that
Ti,CO, could be used as the NHj capture, separation, and
storage material by controlling strains.
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Structure and total charge density for the adsorption of NH; on
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