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Adsorption characteristics of CO adsorbed on pristine 4,12,2-graphyne (4,12,2-G) and Fe-doped 4,12,2-graphyne (Fe-
4,12,2-G) are studied by first-principles calculations. It is shown that CO is only physically adsorbed on pristine 4,12,2-G.
Fe atoms can be doped into 4,12,2-G stably and lead to band gap opening. After doping, the interaction between Fe-4,12,2-
G and CO is significantly enhanced and chemisorption occurs. The maximum adsorption energy reaches —1.606 eV.
Meanwhile, the charge transfer between them increases from 0.009¢ to 0.196e. Moreover, the electric field can effectively
regulate the adsorption ability of the Fe-4,12,2-G system, which is expected to achieve the capture and release of CO. Our
study is helpful to promote applications of two-dimensional carbon materials in gas sensing and to provide new ideas for

reversible CO sensor research.

Keywords: CO, Fe-doped 4,12,2-graphyne, applied electric field, first-principles calculations
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1. Introduction

Carbon monoxide (CO) is a toxic gas with colorless and
odorless, usually created by the inadequate combustion of car-
bon compounds, such as thermal power generation and mo-
tor vehicle exhaust. The affinity between CO and hemoglobin
(Hb) is 250 times higher than that of oxygen, and its separation
from Hb is slow.!! This causes it easy to combine with Hb in
the human body to form carboxyhemoglobin, which leads to
hypoxic in the body. In severe cases, this can lead to cardiopul-
monary dysfunction and brain atrophy, and even death.>3! In
addition, there is a risk of explosion when the volumetric con-
centration of CO in air reaches 12.5% to 74.2%.!*! Therefore,
it has great significance to explore sensors for efficient detec-
tion and adsorption of the CO molecule.

In 2004, graphene has been successfully exfoliated, dis-
proving the understanding that two-dimensional (2D) materi-
als cannot exist freely at finite temperatures, leading to the rise
of 2D materials research.>! Graphene has high carrier mobil-
ity (15000 cm?/V -s), large specific surface area (2630 m?/g),
low resistivity (10~° Q) and other characteristics, and is suit-
able for gas sensing.!%~1 Since then, researchers have focused
their attention on finding new 2D carbon materials. In re-
cent years, various carbon allotropes have been proposed theo-
retically and experimentally, including graphdiyne,[!°! penta-
graphene, ') net-Y,!'?! square graphynes, '3 biphenylene, ['4]
holey graphyne,!!> and so on. Noticeably, 4,12,2-graphyne
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(4,12,2-G) is one of the square graphynes, which is proposed
by Zhang et al.,!'3 and 4,12,2-G is a Dirac material com-
posed of 4- and 12-membered rings linkage. Its Fermi sur-
face shows a crescent shape. It has an effective mass of
m = 0.16m,, as well as the Fermi velocity varies dramatically
from 0.6 x 103 m/s to 5.8 x 10° m/s in different directions,
which is close to graphene. Yang ef al. investigated the elec-
tronic and mechanical properties of B- or N-doped 4,12,2-
G.%1 1t is shown that the doped 4,12,2-G has good electronic
and thermal conductivity as well as the B atom doping brings
about a giant piezoelectric constant. Moreover, its large size
carbon ring can provide more adsorption sites for atoms or
functional groups. Therefore, 4,12,2-G is expected to be used
in the field of hydrogen storage, lithium-ion battery, gas sen-
sors and new 2D electronic devices.!!7-18!

At present, studies on 4,12,2-G have been limited to me-
chanical and electronic properties and have not addressed the
gas adsorption aspects. Therefore, it is essential to research
the gas adsorption characteristics of 4,12,2-G and explore its
potential as a gas sensing and trapping material. However,
similar to graphene, the relatively stable physical and chemi-
cal properties of carbon atoms in 4,12,2-G may lead to weak
adsorption of CO. The gapless property of 4,12,2-G also lim-
its its application in electronic equipment. Encouragingly,
the existing research indicates that the electronic properties of
graphene can be changed or even the adsorption performance
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(19201 doping metal

can be improved by introducing defects,
atoms,?!-2*1 modifying functional groups,!>>-?%! and other
means. It is noteworthy that Fe is often selected as a doped
atom to improve the adsorption capacity of carbon materials
for CO gas.!?’2) Li et al. showed that the adsorption energy
of Fe-doped net-Y for CO can reach —4.114 eV.[?®! Yang ez
al. reported that Fe doping increases the adsorption energy
of Stone—Wales graphene (SW-G) for CO from —0.556 eV to
—1.588 eV, and it can adsorb up to four CO molecules.*! In
addition, the electric field (E-field) has been found to control

30,31

the electronic properties of 2D materials.*>*!] By changing

the size and direction of the E-field, the effect of controlling
gas adsorption or desorption can be achieved. 3234

In this work, we investigate the adsorption of CO on pris-
tine 4,12,2-G. Then, effect of the Fe atom as the dopant on
the adsorption properties of 4,12,2-G is studied. The adsorp-
tion characteristics of CO on 4,12,2-G and Fe-doped 4,12,2-G
(Fe-4,12,2-G) are investigated in detail by adsorption energy,
total or projected density of states (TDOS or PDOS), charge
density difference, total charge density, and Bader charge. Fi-
nally, the applied E-field is also considered to study the poten-
tial means of CO reversible adsorption. These results provide
a theoretical basis for finding potential CO capture materials
and achieving reversible adsorption of CO.

2. Model and method

All first-principles calculations in this paper were
performed by the Vienna ab initio simulation package
(VASP).33:36 The interaction between ion and electron was
described by projector augmented wave (PAW) potential. [37]
The Perdew—Burke-Ernzerhof (PBE) under the generalized
gradient approximation (GGA) was used to describe electron
exchange and correlation potential.*8! The cutoff energy was
set as 520 eV. All the atomic position optimizations were per-
formed using the conjugate gradient method. The conver-
gence criterion of total energy between two iterations was set
at 1 x 1073 eV. After the structural optimization, the maxi-
mum force per atom was less than 0.01 eV/A. Grimme’s DFT-
D3 method was used for wan der Waals correction of the
system energy.?*) The 2 x 2 supercell (64 atoms) was con-
structed and a 15 A vacuum space was built along the perpen-
dicular substrate direction. The sampling of Brillouin zone
was based on Gamma centered Monkhorst—Pack scheme. The
3x3x1,6x6x1,and 11 x 11 x 1 k-meshes were used for
structural relaxation, self consistent calculation, and electronic
structure calculation, respectively. Bader charge analysis was
used to calculate the charge transfer between CO molecule and
substrate. [40]

After Fe doping, the stability of Fe-4,12,2-G substrate can
be evaluated using the binding energy (Ep) and cohesive en-

ergy (Econ)- Ep is defined as
Ey = Efe-4,122-6 — Esv — EFpe, (D

where Ere-4,122-G represents the energy of Fe-4,12,2-G, Esy
and Eg. represent the energy of Fe-4,12,2-G with single va-
cancy defect and single Fe atomic energy, respectively. The
E.on formula is given as follows:

Econ = (Efe-4,12,2-G —nEc —mEge) /(n+m), 2

where Efe-4,12.2-G, Ec, and Ef. represent the energies of Fe-
4,12,2-G, single C atom, and single Fe atom, respectively; n
and m represent the numbers of C and Fe atoms, respectively.

The adsorption energy (E,q) of CO on the surface of pris-
tine 4,12,2-G or Fe-4,12,2-G substrates is calculated by

Esq = Esub+co — Esw — Eco, 3)

where Esuprco, Esub, and Eco represent the total energy of
CO adsorbed on substrate surface at stable state, the energy of
substrate, and the energy of CO, respectively.

3. Results and discussion

3.1. Structure and electronic properties of 4,12,2-G and

Fe-4,12,2-G

Here, 4,12,2-G is a carbon allotrope composed of sp and
sp” hybridized carbons with square symmetry and a planar
group of P4mm. Figure 1(a) shows the optimized 4,12,2-
G supercell structure. The lattice constants of supercell are
a=>b=14.914 A. The lengths of [;, [, and I3 are 1.469 A,
1.403 A, and 1.226 A, respectively, which agree in general
with the literature.!'>#! From Fig. 1(b), by analyzing the band
structure, the valence and conduction bands of 4,12,2-G form
a Dirac cone at the asymmetric point B. Similarly, the den-
sity of states (DOS) diagram indicates that there is essentially
no occupancy of states at 0 eV, suggesting that 4,12,2-G has
semimetallic properties similar to graphene.

(a)ia

Fig. 1. (a) Structure of 4,12,2-G supercell. (b) Band structure and den-
sity of states (DOS) of 4,12,2-G supercell. Brown atoms, purple dots,
and black dotted quadrilateral represent carbon atoms, adsorption sites,
and unit cell, respectively.

Since the 4,12,2-G supercell has three carbon atoms that
are not equivalent, the three different sites (T1, T2, and T3) are
considered in the construction of the doping models. However,
at T3 site, the structural optimization cannot reach a stable
state after Fe atom substitution doping. The possible reason
is that Fe doping disrupts the structure originally connected
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by sp and sp? carbons.[*?] Therefore, only the replacement
doping of T1 and T2 sites are considered, and both doping
concentrations are 1.6%. After the two doping models are
fully optimized, the new structure models are obtained, which
are named as Fe;-4,12,2-G and Fe;-4,12,2-G, respectively, as
shown in Fig. 2. According to Fig. 2, we find that there is a
significant deformation of structures due to the larger radius of
the Fe atom. The Fe atoms move away from 4,12,2-G plane,
and the vertical distances from Fe atoms to 4,12,2-G for the
two structures are 1.471 A and 1.630 A, respectively. At the
same time, a corresponding increase in bond length between
the Fe atom and three nearest C atoms is observed. Bonds
1, 2, and 3 in the Fe;-4,12,2-G structure become 1.787 A,
1.787 A, and 1.819 A, respectively. Bonds 4, 5, and 6 in the
Fe;-4,12,2-G structure become 1.791 A, 1.738 A, and 1.738 A,
respectively. As listed in Table 1, the results suggest that the
Ey, values of Fe;-4,12,2-G and Fe;-4,12,2-G are —8.573 eV
and —10.652 eV, respectively. The E.o, values of them are
—8.274 eV and —8.271 eV, respectively. These demonstrate
that Fe atoms can be doped into 4,12,2-G stably and there ex-
ist strong interatomic interactions in the structures.

Th=14T1A E; E 5/17\.63()4

Fig. 2. Top and side views of geometrically optimized structure of (a)
Fe;-4,12,2-G and (b) Fe,-4,12,2-G. C and Fe atoms are brown and pur-
ple, respectively.

Table 1. The binding energy (Ey), cohesive energy (E¢op), and band
gap (Egap) of 4,12,2-G and Fe-4,12,2-G.

Structure E, (eV) E.on (eV) Egap (€V)

4,12,2-G - —8.383 0
Fe(-4,12,2-G —8.573 —8.274 0.123
Fe;-4,12,2-G —10.652 —8.271 0.080

Figure 3 shows the unfolding bands and DOS of Fe;-
4,12,2-G and Fe;-4,12,2-G. In the calculations, the spin po-
larization is considered. From Figs. 3(a) and 3(b), we find that
the doping of Fe disrupts the Dirac cone of 4,12,2-G at the
B point and leads to the band gap opening. The correspond-
ing band gaps are 0.123 eV and 0.080 eV, respectively, and
the systems have semiconductor characteristic. The spin-up
and spin-down DOSs in Figs. 3(c) and 3(d) are basically not
different, indicating that the doping of Fe does not cause spin
polarization. Meanwhile, the whole systems are nonmagnetic
with zero magnetic moment.

E—E; (eV)

S
w
o
&
w
(=]

Density of states
Density of states

Energy (eV) Energy (eV)

Fig. 3. Band structure and DOS of Fe;-4,12,2-G [(a), (c)] and Fe;-
4,12,2-G [(b), (d)], with O eV representing the Fermi level. The up and
down arrows represent spin-up and spin-down DOSs, respectively.

3.2. CO adsorption on pristine 4,12,2-G

Firstly, all possible adsorption sites of CO on 4,12,2-G
are considered. As shown in Fig. 1(a), showing the vertex sites
(T1, T2, and T3), bridge sites (B1, B2, B3, and B4), hollow
sites of carbon rings (H1, H2, and H3), and hollow edge sites
of carbon rings (S1 and S2). In addition, different adsorption
orientations of CO (vertical and parallel adsorption) are con-
sidered. However, due to the asymmetry of CO, vertical ad-
sorption can be further divided into two cases: the C atom of
CO pointing downward to the substrate (V¢) and the O atom
pointing downward to the substrate (Vo). Secondly, a set of
naming rules is formulated to facilitate the representation of
the model structure. For example, the vertical adsorption with
the C atom pointing downward to substrate at T1 site is named
as T1-V¢, and the parallel adsorption at H3 site is named as
H3-P. Finally, all possible adsorption configurations are fully
optimized. In the supplementary material, Fig. S1 shows all
the structures after optimization and Table S1 lists the detailed
data for all configurations.

The results in Table S1 show that the E,q values of all
configurations are between —0.065 eV and —0.128 eV. H3-P
has the largest value, reaching —0.128 eV. The analysis sug-
gests that the C atom of CO prefers pointing to substrate. The
degree of adsorption sites tendency is ranked from largest to
smallest in the order of vacancy, bridge, and vertex sites. For
all adsorption configurations, the bond lengths of CO after ad-
sorption are in the range from 1.143 A to 1.144 A, and the
adsorption heights are all greater than 2.8 A. Bader analysis
indicates that all charge transfers are positive with a maxi-
mum value of 0.009¢. However, the overall charge transfers
are small, which proves that the interaction between CO and
4,12,2-G is weak.

To further analyze the interaction between CO and 4,12,2-
G, we select two configurations with the largest E,q value, H3-
P and H2-P, and calculate their DOS and total charge density,
as shown in Fig. 4. Figures 4(a) and 4(b) show that new peaks
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appear around —4.0 eV and 3.0 eV because of the contribu-
tion of CO 2p orbital. However, the TDOS of systems does
not change near the Fermi level after adsorbing CO. From
Figs. 4(c) and 4(d), it can be found that there is no charge den-
sity overlap between CO and 4,12,2-G. These further confirm
the weak interaction between CO and 4,12,2-G, where only
physisorption occurs.

(b)

o]
[=]

40

Density of states
—
(=2}

A
-6 -4 -2 0 2 4 -6 -4 -2 0 2 4

Fig. 4. Total density of states (TDOS), projected density of states
(PDOS), and total charge density (0.09 e/Bohr®) of CO adsorbed on
4,12,2-G: [(a), (©)] H3-P, [(b), (d)] H2-P.

3.3. Effect of single Fe atom doping

In this section, we dope a single Fe atom on 4,12,2-G
substrate to explore the effect of Fe doping on the adsorption
property of the system. After calculation, Fe-4,12,2-G has two
stable configurations, Fe-4,12,2-G and Fe;-4,12,2-G. Due to
the introduction of the Fe atom, only the Fe atom is considered
as adsorption site, because the Fe atom can interact with either
the C or the O atom. As in the case of 4,12,2-G adsorption,
the vertical and parallel adsorption configurations of CO are
considered. Therefore, there are six adsorption configurations
after full optimization, as shown in Fig. 5. According to the
previous naming rules, these six configurations are named as
Fe-T1-V¢, Fe-T1-Vg, Fe-T1-P, Fe-T2-V¢, Fe-T2-V(, and Fe-
T2-P, respectively. Detailed adsorption information of these
configurations is given in Table 2.

Table 2. Adsorption energy (E,q, in eV), adsorption distance (d,
in A), CO bond length (I, in A), Bader charge transfer (AQ, in e)
and band gap (Egap, in €V) of different adsorption configurations of
Fe-4,12,2-G. Adsorption distance is the distance between the atom
closest to the Fe atom in the CO molecule and the Fe atom. The

positive and negative values of Bader charge transfer mean that CO
gets or loses electrons.

Structure Ey d l AQ Egyp
Fe-T1-V¢ —1.579 1.827 1.162 0.196 0.103
Fe-T1-Vo —0.320 2.052 1.157 0.061 0.108
Fe-T1-P —1.579 1.828 1.162 0.196 0.086
Fe-T2-V¢ —1.367 1.832 1.158 0.132 0.085
Fe-T2-Vo —0.215 2.127 1.154 0.051 0.060
Fe-T2-P —1.606 1.816 1.160 0.165 0.041

From Fig. 5, it can be found that for the vertical ad-
sorption configurations, the original structural setup (the C
or the O atom of CO pointing to the Fe atom) is maintained

after full optimization. For parallel adsorption, both Fe-T1-
P and Fe-T2-P finally exhibit the C atom closer to the Fe
atom, indicating that the Fe atom is more inclined to in-
teract with the C atom. According to Table 2, it is found
that for both Fe-4,12,2-G, the V¢ and P configurations have
higher E,q values (about five times), smaller adsorption dis-
tances, longer CO bond lengths, and larger charge transfer
(about three times) compared to the Vo configurations. These
demonstrate that the V¢ and P configurations are more sta-
ble than the Vg configuration and have stronger intermolecu-
lar interactions between the substrate and CO. The maximum
E,q of CO adsorbed on Fe-4,12,2-G is —1.606 eV, which is
higher than those of Pt-doped graphene (—1.30 eV),[*?l Pd-
doped graphene (—1.07 eV),[*3] Aus clusters supported TiO,
(—1.37 eV)!*# and Cu-doped MoS, (—1.25 eV).*] And it
is close to Hy44-graphyne (—1.601 eV)!*? as well as Fe-
supported SnSes (—1.507 eV).[*9] A higher E,q value repre-
sents higher sensitivity and faster response time. However,
it is worth noting that too small or too large values of Eyq
are not favorable for gas adsorption and desorption, while the
range from —2 eV and —1 eV is the most favorable.3%47]
Therefore, compared with the large E,g of Fe-doped net-Y
(—4.117eV),281 Sb, S co-doped SnO; (—5.82 eV) ¥l and Co-
decorated MoSe, (—2.419 eV),[*! Fe-4,12,2-G is more suit-
able for the reversible adsorption of CO. Furthermore, the ad-
sorption distances of V¢ and P configurations are found to be
less than the sum of the covalent radii of Fe and C (1.91 A).[0
This suggests that CO can form a chemical bond with Fe-
4,12,2-G and they behave as chemisorbed system. Mean-
while, by comparing Fe;-4,12,2-G and Fe;-4,12,2-G systems,
we find that the Fe;-4,12,2-G system has greater average Eyqg
and charge transfer. Thus, the Fe-4,12,2-G (Fe-T1-V¢) sys-
tem is more suitable as a sensing material. Compared with the
4,12,2-G (H3-P), doping of the Fe atom leads to an increase
in E,q and charge transfer of the adsorption system. There-
fore, Fe atom doping is an excellent method to enhance the
adsorption capacity of 4,12,2-G for CO.

In order to research the changes in electronic properties
of the systems after CO adsorption, the TDOS and PDOS of
the adsorbed system are calculated and compared with the un-
adsorbed system. As shown in Fig. 6, the DOS of Fe-4,12,2-G
after adsorbing CO has been changed significantly with a large
number of new peaks compared with pristine 4,12,2-G case.
According to the PDOS, it can be found that the emerging
peaks are mostly caused by the weak hybridization between
CO 2p and Fe 3d orbitals. Therefore, it can be concluded that
strong interactions occur between the Fe atom and CO, further
confirming that Fe doping can lead to the chemisorption of the
systems. However, comparing with V¢ and P configurations,
Vo configuration has a weaker orbital hybridization. From
Figs. 6(b) and 6(e), the CO has almost no overlap with the Fe
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3d orbital in the range from —2 eV to 0 eV, which may be
responsible for the relatively weak adsorption of the Vg con-
figuration. Moreover, we notice a significant change in TDOS
after adsorbing CO by Fe-4,12,2-G, especially near the Fermi
level. TDOS shifts toward the lower energy level and the band
gaps of systems decrease simultaneously (except Fe-T2-V().
These results are consistent with the data listed in Table 2. The
change in band gap will lead to a significant change in conduc-
tivity, as conductivity is exponentially related to the negative
value of band gap. [51] Therefore, Fe-4,12,2-G substrate is sen-
sitive to CO and adsorption of CO can be converted into elec-
trical signals for easy detection.

Fig. 5. Top and side views of optimized structure of Fe-4,12,2-G ad-
sorption of CO. (a) Fe-T1-V¢, (b) Fe-T1-Vo, (c) Fe-T1-P, (d) Fe-T2-
V¢, (e) Fe-T2-V, and (f) Fe-T2-P. Brown, red, and purple atoms rep-
resent C, O, and Fe atoms, respectively.

V]
ot

—~

Density of states &
N O

%)
=}

—~

: gu,: H ——Fe1-4,12,2-G

{2 o= Fe-4,12,2-GHC
(' {

i

N O

[V
[Eil=]

—

Density of states @ Density of states &

A, .

072 -1 0 1 2 =2 71‘ 0 1 2
Energy (eV) Energy (eV)

Fig. 6. TDOS and PDOS of (a) Fe-T1-Vc, (b) Fe-T1-Vg, (c) Fe-T1-P,
(d) Fe-T2-V, (e) Fe-T2-V, and (f) Fe-T2-P.

The charge density difference and total charge density af-
ter adsorption are shown in Fig. 7. Analysis of charge density

difference reveals that electrons are transferred from substrate
to CO. Due to Fe atom doping, more electrons loss from sub-
strate and accumulation on CO, which is consistent with Bader
analysis. Also, the electron accumulation near the C atom of
COin V¢ or P configurations is obviously larger than that of O
atom in Vg configuration, which further indicates that the Fe
atom interacts more strongly with C atom. Observing the to-
tal charge density, there is no charge overlap between CO and
substrate in Vg configuration at the isosurface of 0.09 e/Bohr3,
suggesting that the interaction between them is weaker, but
still stronger than pristine 4,12,2-G. Therefore, the interaction
between Fe-4,12,2-G and CO is stronger and is chemisorbed.

Fig. 7. The charge density difference (0.001 e/Bohr®) and total charge
density (0.09 ¢/Bohr?) of (a) Fe-T1-V¢, (b) Fe-T1-Vo, (c) Fe-T1-P, (d)
Fe-T2-V¢, (e) Fe-T2-Vq and (f) Fe-T2-P. Yellow represents the accu-
mulation of charge and cyan represents the loss of charge.

3.4. Effect of applied electric field

In this section, we explore the adsorption of CO on
4,12,2-G and Fe-4,12,2-G in the presence of E-field. Based
on previous detailed studies, H3-P and Fe-T1-V¢ configura-
tions are selected as the research objects. As shown in Fig. 8§,
the charge transfers for both the configurations under E-field
are labeled. Under the positive (negative) E-field, the transfer
of electrons in the 4,12,2-G (Fe-4,12,2-G) system works from
the substrate to CO. In addition, the detailed calculation data
of this section are listed in Table S2.

Figures 9(a) and 9(b) show the curves of adsorption dis-
tance and CO bond length of 4,12,2-G and Fe-4,12,2-G sys-
tems with E-field. It is noticed that the adsorption distances of
4,12,2-G or Fe-4,12,2-G decrease gradually in the E-field from
—0.8 eV/A to 0.8 eV/A. The CO bond length of Fe-4,12,2-
G changes from 1.148 A to 1.179 A. However, the CO bond
length of 4,12,2-G changes insignificantly. These phenomena
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suggest that the E-field has a significant modulating effect on
the structure of the Fe-4,12,2-G system.

Positive

Negative

Fig. 8. Charge transfer under applied electric field: (a) 4,12,2-G, (b) Fe-
4,12,2-G.

(®)

—
< (a) -

8§ 3.56 ——4122-G| .18} = 4.122-G

< 3.52 2] ) —— Fe-4,12,2-G

5 348 =P

£ 344 60

2 340 =

° 21.16

g 3.56 ——Fe-4,12,2-G| T

S 382 ‘ £1.15

T 318 3

2 344 Q P —
g 340 olld

z —08 —04 00 04 08 —08 —04 00 04 08

Electric field (V/A) Electric field (V/A)
(c) (d)

1.2
0.9 2G| © OAfEmIz2C
0.6 o B Fe-4,12,2-G
0.3 L 0.3
0.0 2

£ 0.2

ke

$ 01

o

<

i}

O

_1:56 —— Fe-4,122-G
—1.65
—1.80

0.0 04 08

Electric field (V/A)

—-0.8 -04 0.0 04 0.8
Electric field (V/A)

Adsorption energy (eV)
L
w
A

Fig. 9. Effects of electric field change on CO adsorption on 4,12,2-G
and Fe-4,12,2-G: (a) adsorption distances, (b) CO bond lengths, (c) ad-
sorption energy, and (d) charge transfer.

Figure 9(c) represents the E,q value and fitting curve with
different E-fields. Remarkably, we find that the relationship
between E,q value and E-field can be expressed as a quadratic
function. This can be explained as the energy stability of the
system caused by the induced dipole moment under the ap-
plied E-field, namely the second-order Stark effect.[%23] In
addition, it can be observed that the E,q value of the 4,12,2-
G system decreases with increasing E-field strength, indepen-
dent of the direction of E-field. This is similar to the results
of Zhang et al.®*! Surprisingly, the E,q value is positive when
E-field strength is larger than 0.2 V/A, suggesting that the ad-
sorption may not exist. This behavior may be caused by the
difference between the dipole moment of CO and the direc-
tion of E-field.4%1 Regardless of the positive or negative
E-field, the intrinsic dipole moment of the parallel adsorbed
CO is always perpendicular to the E-field, resulting in weaker
adsorption. In contrast to the 4,12,2-G system, the E,q of the
Fe-4,12,2-G system increases with the enhancement of posi-
tive E-field. When E-field strength is increased from 0 V/A
to 0.8 V/A, the value of E,q increases from —1.579 eV to
—1.882 eV. However, when E-field is increased from 0 V/A
to —0.8 V/A, the value of E,q decreases from —1.579 eV
to —1.414 eV. This is due to the fact that Fe atom doping
causes the substrate to have a dipole moment and plays a ma-
jor role. Under a positive E-field, the dipole moment of the

substrate is in the same direction as the E-field, and the E,4
is enhanced.’® On the contrary, under negative E-field, the
two directions are opposite and the E,q is weakened. There-
fore, the interaction between CO and 4,12,2-G is weakened
due to the E-field. The positive (or negative) E-field can en-
hance (or weaken) the adsorption of the Fe-4,12,2-G system
for reversible adsorption.

The Bader analysis and charge density difference can
further demonstrate the charge distribution under the applied
E-field. For the 4,12,2-G system, electrons move from CO
to 4,12,2-G only when the E-field is less than —0.4 V/A
(Fig. 9(d)). However, when the E-field is —0.4 V/A, the di-
rection of charge movement is reversed and CO acts as an
electron acceptor. After that, the charge on CO increases with
the increase of E-field. The charge transfer reaches a maxi-
mum (0.025¢) at 0.8 V/A. Compared with the 4,12,2-G sys-
tem, CO has been acting as an electron acceptor in the Fe-
4,12,2-G system due to the introduction of Fe (C and O are
more electronegative than Fe). It can be found that with the
E-field changing from —0.8 V/A to 0.8 V/A, the charge trans-
fer from Fe-4,12,2-G to CO increases gradually from 0.046¢
to 0.368e. Obviously, Fe-4,12,2-G is more responsive to the
change of E-field. From Fig. S2, the charge density differ-
ence more intuitively reflects the effect of E-field on charge
transfer. It is visualized that as the E-field is increasing from
—0.8 V/A to 0.8 V/A, the yellow region around CO gradually
increases and there are more electrons in accumulation. It indi-
cates that the electrons transfer to CO, which is consistent with
Fig. 9(d). Especially, for the Fe-4,12,2-G system, the yellow
region between Fe and C (CO) atoms increases significantly,
further indicating that the interaction between CO and the Fe
atom is enhanced by a positive E-field and a stable chemical
bond is formed between them.

4. Conclusions

In summary, adsorption of CO on 4,12,2-G and Fe-
4,12,2-G has been systematically investigated by first-
principles calculations. Our results indicate that the adsorp-
tion energy of CO molecules on 4,12,2-G is —0.128 eV and
behaves as physical adsorption. Doping of Fe atoms changes
the structure of 4,12,2-G and leads to the band gap opening,
and the transformation of systems from semimetal to semi-
conductor. After doping, the adsorption distance between CO
and substrate is significantly reduced, while the adsorption en-
ergy, CO bond length, and charge transfer are correspondingly
increased. Especially, the adsorption energy and charge trans-
fer are 12 and 28 times higher than the original ones, respec-
tively. The observation of total charge density and DOS re-
veals that there is a significant overlap of electron clouds be-
tween CO and Fe-4,12,2-G. The CO 2p orbital overlaps with
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Fe 3d orbital, and the system exhibits chemisorption. Mean-
while, along with the adsorption of CO, the band gap of sys-
tems changes, leading to a change in the system conductiv-
ity and an increase in the sensing sensitivity. Moreover, the
present study reveals that the existence of E-field has a signif-
icant effect on adsorption systems. For the 4,12,2-G system,
the coupling of E-field to the CO dipole moment of the sys-
tem inhibits the adsorption capacity and is even completely
desorbed. For the Fe-4,12,2-G system, the coupling of sub-
strate dipole moment to the positive E-field further increases
the adsorption energy and charge transfer. On the contrary, in
the negative E-field, the substrate dipole moment is opposite
to the direction of E-field, resulting in a weakened adsorption
capacity. In a word, Fe-4,12,2-G is a potential CO sensing ma-
terial with excellent adsorption capacity and high sensitivity.
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