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The formation geometries, electronic structures and catalytic properties of monovacancy and divacancy
graphene sheets with two embedded Fe dopants (2Fe-MG and 2Fe-DG) have been systematically
investigated using the first-principles calculations. It was found that the configuration of 2Fe-DG is
slightly more stable than that of 2Fe-MG sheets and the two doped Fe atoms in graphene (2Fe-graphene)
as active sites could regulate the stability of gas molecules. In addition, the adsorption of O, and CO
molecules could modulate the electronic and magnetic properties of 2Fe-graphene systems. Moreover, the
adsorption behaviors of reactants could determine the reaction pathway and energy barrier of the catalytic
oxidation of CO. On the 2Fe-graphene substrates, the adsorptive decomposition of O, molecules (<0.20 eV)
and the subsequent Eley—Rideal (ER) reaction (20,45 + 2CO — CO,) (<0.60 eV) have low energy barriers. In
comparison, the COz complex is quite stable and its formation needs to overcome a higher energy barrier
(>0.90 eV). Hence, the dissociation of O, as an initial step is an energetically more favored process. These
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1. Introduction

The catalytic oxidation of CO has attracted great interest
because CO, which is emitted from automobiles and industrial
production, represents a significant environmental problem."
In recent years, CO oxidation has been viewed as the most
important chemical reaction for studying the reactivity of
catalysts.”® Many studies have chosen metal clusters supported
on noble metal or metal oxide (such as TiO,, MgO and FeO,)
substrates” " or even unsupported metal nanoparticles,"* ™
which exhibit high catalytic activity for CO oxidation. The size
of the metal particles is a key factor that determines the
performance of such catalysts, because low-coordinated metal
atoms often function as the catalytically active sites, and the
specific activity per metal atom usually increases with a decrease
in the size of the metal particles."”'® To maximize the catalytic
efficiency, it is desirable to shrink supported metal particles to
isolated single atoms uniformly dispersed on a substrate. Recently,
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results provide valuable guidance for the design of functionalized graphene-based devices.

metal catalysts supported on a two-dimensional hexagonal boron
nitride (BN) monolayer'®>' have exhibited high activity for CO
oxidation. In comparison with traditional supports,>* the use of
graphene as a support with its high surface area, good conductivity
and low manufacturing cost has been proposed to modulate the
electronic structure and hence improve the catalytic performance
of supported catalysts.>*>> Some results have shown that Au and
Pt metal clusters supported on graphene could effectively catalyze
CO oxidation.?®?” However, the surface free energy of metals
increases significantly with a decrease in particle size, which
promotes the aggregation of small clusters; thus, the stability
and reaction efficiency of catalysts will be affected.

Graphene is a promising candidate as a substrate for
supported metal atoms or clusters to form graphene-metal compo-
site catalysts.”®*® The adsorption of different metal adatoms on
pristine graphene sheets® and the induced electronic and magnetic
properties of graphene systems have been discussed via theoretical
calculations.> > Owing to the weak interactions between metal
adatoms and pristine graphene, adatoms tend to diffuse and
aggregate to form large clusters instead of existing as individual
atoms. In this context, chemical doping has been proved to be an
effective approach for tailoring the functionalized properties of
graphene.®® The existence of vacancies in graphene could efficiently
enhance the binding of metal atoms, which has a substantial effect
on the electronic and magnetic properties of graphene.””° In
particular, it is possible to dope metallic impurities in graphene
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by using electron irradiation or high-energy atom bombardment
and then fill the vacancies with the desired dopants.*®*' Hence, the
high stability of metallic impurities in graphene sheets could make
them better candidates for improving the dispersion and extending
the lifetime of supported catalysts. Moreover, some theoretical
studies found that graphene systems with single embedded metal
atoms (Cu, Pt, Co, Au and Al) exhibited high catalytic performance
for low-temperature CO oxidation.*”*” These observations
confirmed that different dopants could modify the local surface
curvature and electronic properties of graphene and thus
regulate its chemical activity.*®*°

Many studies have found that metal dimers (Fe, Au, Co, Ni,
Pd and Cu) supported on graphene sheets could give rise to
interesting new phenomena, such as electronic and magnetic
properties.’® > In catalytic reactions, bimetallic nanoclusters
and metal dimer catalysts supported on CeO, substrates exhibit
high activity for CO oxidation.>*>> Recently, the adsorption and
dissociation of O, on yttria-stabilized zirconia (YSZ) surfaces
with supported Ni dimers have been investigated.’® The results
illustrated that the large number of active sites of supported
metal dimers could exhibit high activity and greatly enhance
the interaction between reactants and catalysts through an
increase in the transfer of electrons. At present, the single-atom
Fe embedded monovacancy’” and divacancy®® graphene, C,N
monolayers®® and anchored graphene oxide®® systems, which
exhibit high catalytic activity for CO oxidation, have been inves-
tigated. However, there has been a lack of systematic analyses of
the geometric stability and catalytic properties of two Fe atoms
supported on a graphene sheet (2Fe-graphene).

Recently, some researchers have investigated covalently
bonded Fe dopants in the lattice of monolayer graphene, which
are more stable than those at graphene edges.®* On the basis of
single Fe atoms in graphene vacancies,®> we selected mono-
vacancy and divacancy graphene sheets with two embedded Fe
atoms (2Fe-MG and 2Fe-DG) and then investigated their catalytic
activity for CO oxidation. First, the formation geometries, electronic
structures and magnetic properties of 2Fe-MG (and 2Fe-DG) with
adsorbed gases (CO and O,) are discussed using first-principles
calculations based on density functional theory (DFT). It was found
that the transfer of more electrons to O, molecules on 2Fe-graphene
sheets led to higher stability in comparison with that of adsorbed CO
molecules. The electronic and magnetic properties of 2Fe-graphene
systems could be effectively regulated by choosing different gas
molecules. Moreover, the reaction processes and energy barriers of
CO oxidation on the 2Fe-graphene surfaces were calculated using
different reaction mechanisms. To the best of our knowledge, few
reports provide much systematic information about the catalytic
activity of two Fe atoms supported on graphene sheets (including
MG and DG), which provides a valuable reference for the design of
graphene-based catalysts in energy-related devices.

2. Methods and computational details

Spin-polarized DFT calculations were carried out using the
Vienna ab initio simulation package (VASP)**** with projector
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augmented wave (PAW) pseudopotentials.®® Exchange-correlation
functions were described using the generalized gradient approxi-
mation (GGA) in the form of the Perdew-Burke-Ernzerhof (PBE)
functional.®® The kinetic energy cutoff for the plane-wave basis set
was chosen to be 450 eV. The C 2s and 2p, Fe 3d and 4s and O 2s
and 2p states were treated as valence electrons. A modified
hexagonal graphene ribbon with a 4 x 7 supercell was adopted,
and the thickness of the vacuum layer was set to 15 A to avoid
interactions between mirror images. The calculated lattice
constant of a graphene sheet was 2.47 A, which closely approx-
imates to the experimental value of 2.46 A.°” The Brillouin zone
(BZ) integration was sampled using a 3 x 1 x 1 [-centered
Monkhorst-Pack (MP) grid and a 15 x 1 x 1 I'-centered MP grid
was used for calculations of the final density of states (DOS).

Bader charge analysis®® was used to evaluate the atomic
charges and electron transfer in the reactions. The adsorption
energies and site preferences of each type of gas molecule were
determined on 2Fe-graphene sheets. The energy of an isolated
atom was simulated using a cubic cell of 15 x 15 x 15 A with
one atom or gas molecule placed inside. The climbing image
nudged elastic band method (CI-NEB)**’° was employed to find
the saddle points and minimum-energy path (MEP) for the
formation and dissociation of reactants on graphene substrates.
The geometry optimization and search for transition states (TS)
were tested by means of frequency calculations, in which the
states with one imaginary frequency corresponded to meta-
stable states (MS). A number of intermediate images were
constructed along the reaction pathways between the initial
state (IS) or TS and the final state (FS), and the spring force
between adjacent images was set to 5.0 eV A~*. The images were
optimized until the forces on each atom were less than 0.02 eV A,
The energy barrier (Ep,;) of each chemical reaction was calculated
from the energy difference between the IS and the TS in the
chemical reaction.

In the present study, the binding energy (Ening) was calculated
using the equation Epinq = Ea + Eg — Ea, Where Ey, Eg and Eap are
the total energies of the free atom(s) or gas molecules (A, which
represents Fe, O,, O, CO or CO,), the isolated 2Fe-graphene
substrates (B, which represents MG, DG, 2Fe-MG or 2Fe-DG)
and the 2Fe-graphene systems with the adsorbed molecules,
respectively. With this definition, a positive (negative) value of
the binding energy means that the adsorption process is exothermic
(endothermic) and energetically favored (unfavored).

3. Results and discussion
3.1. Geometric properties of 2Fe-graphene sheets

Previous results have demonstrated that a two-step process is
an efficient way to dope graphene, namely, by creating vacancies
(including monovacancies and divacancies) in graphene by
high-energy ion/electron irradiation and then filling these
vacancies with the desired dopants.’®”* Herein, MG and DG
act as trap sites created for individual Fe atoms to form
covalently bonded Fe-MG and Fe-DG complexes, and the corres-
ponding binding energies of the Fe dopant are 7.28 and 6.47 eV,
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respectively, which are in agreement with the literature values.®>
In the process, the trapping of the second Fe atom occurs
subsequently to the initial formation of a single dopant site.
For each MG (or DG) sheet, two Fe dopants are embedded in two
adjacent monovacancies or an Fe dimer is trapped at a
divacancy.®" The configurations of the two Fe dopants in MG
and DG (2Fe-MG and 2Fe-DG) are shown in Fig. 1(a) and (b). As
shown in Fig. 1(a), two Fe atoms are embedded in a DG sheet,
where two C atoms are replaced by two Fe atoms. The lengths of
the Fe-Fe and Fe-C bonds are 1.99 and 1.80 A, respectively. The
Fe dimer is displaced out of the plane to acquire more space
(1.14 A) due to its large atomic radius (1.30 A) as compared with
that of carbon atoms. On the basis of Bader charge analysis,®®
transferred electrons (1.41 e) move from the two Fe dopants to
the DG sheet and then form strong covalent bonds between Fe
and C atoms. As shown in Fig. 1(b), the stable configuration of
2Fe-MG was investigated after geometry optimization. In compar-
ison with the 2Fe-DG system, the doped Fe atoms transfer more
electrons (2.02 ) to the MG sheet because more neighboring carbon
atoms bind to the Fe dopants, and the corresponding Fe-Fe and
Fe-C bond lengths are 2.71 and 1.77 A, respectively, which are in
agreement with the reported results.?”>

According to a previous result,”” we studied the relative
stabilities of Fe-doped and 2Fe-doped graphene by comparing
their formation energies (Esm) as calculated by the equation:
Eform = (Ep-gra t fic) — (Egra t+ ftre), Where Egq, is the total energy
of pristine graphene, Ep g, is the total energy of the Fe-graphene
system, and fic (or uge) is the chemical potential of an isolated
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carbon (or Fe) atom, which is determined from graphene or the
bulk metallic phase of Fe. The lower formation energy indicates
that the adatom is more easily incorporated into the graphene
sheet. Our results show that the formation energy of one Fe
dopant within a monovacancy is 5.92 eV, which is higher than
that of the second Fe dopant in MG (4.84 eV) and DG sheets
(4.03 eV). This result illustrates that Fe dopants tend to be
incorporated into the graphene sheet and that the 2Fe-DG sheet
is an energetically more favored configuration.

As shown in Fig. 1(a) and (b), MG and DG act as trap sites for
mobile Fe adatoms, which leads to the formation of 2Fe-MG
and 2Fe-DG configurations. We also investigated the structural
conversion between 2Fe-DG and 2Fe-MG sheets. It was found
that the doped Fe atoms in an MG sheet exhibit lower stability
than those in a DG sheet, and that 2Fe-MG is converted into the
2Fe-DG configuration through an energy barrier of 1.04 eV.
In order to confirm the stability of the 2Fe-graphene systems,
first-principles molecular dynamics calculations were considered.
In calculations for a period of 2000 fs (2 ps) at temperatures of
700 K and 1000 K, the doped Fe atoms and the neighboring C
atoms in the plane exhibit a slight distortion, as shown in Fig.
S1(a)-(d) (ESIT). Although the hexagonal structure of graphene is
bent to some extent, the 2Fe-graphene structures are still stable
over a period of 2 ps at 1000 K, with some distortion over time.
The corresponding Fe-Fe and Fe-C bond lengths are 2.62 and
1.70-1.90 A (or 2.03 and 1.76-1.84 A) for the 2Fe-MG (or 2Fe-DG)
configuration, respectively. These results indicate that the two Fe
atoms are immobile within defective graphene and that the
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Fig. 1 Top and side views of (a and b) the geometric structure and (c and d) the spin charge density map of (a and c¢) 2Fe-DG and (b and d) 2Fe-MG
sheets. The contour interval is 0.001 e A=3. The black and green balls represent C and Fe atoms, respectively.
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2Fe-graphene sheets as active sites possess high thermal stability
at certain temperatures, which has a profound effect on the use
of the metal-graphene complexes as catalysts, gas sensors or
energy-storage devices.

As shown in Fig. 1(c) and (d), we investigated the spin charge
redistribution between the 2Fe dopants and the MG (or DG)
sheets. It is clearly shown that more electrons predominantly
accumulate in the vicinity of the Fe-Fe and Fe-C interfaces and
that fewer electrons are located on the graphene sheets, as
shown in Fig. 1(c). In comparison with the 2Fe-DG system, less
pronounced charge density distributions are located at the Fe-Fe
and Fe-C interfaces in the 2Fe-MG system, because more electrons
are transferred from the Fe dopants to the MG sheet and thus
enhance the interaction between the 2Fe dopants and the MG
sheet. In addition, the transfer of electrons helps us to explain
the change in magnetic properties and could affect the number
of unpaired electrons in the graphene system. As shown in
Fig. 1(c) and (d), the more pronounced spin charge distribution
illustrates that the 2Fe-DG system exhibits stronger magnetic
properties (14.0 ug), whereas the 2Fe-MG system, which has a
less pronounced spin charge distribution, has weaker magnetic
properties (12.0 ug), because a large number of transferred
electrons saturate the neighboring dangling bonds of carbon
atoms and decrease the number of unpaired electrons in the
2Fe-MG system. Hence, the metal dopant tends to transfer
electrons to graphene and induces spin charge redistribution
at their interface, thus regulating the magnetic properties of
2Fe-graphene systems.
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3.2. Adsorption stability of gas molecules

On the basis of the stable configurations of 2Fe-MG and 2Fe-
DG, the Fe dopants lose more electrons and exhibit positive
charges, which could regulate the adsorption behaviors of gas
molecules. Each structure was fully relaxed and the most stable
configurations of the adsorbed species on the 2Fe-graphene
substrate were studied, as shown in Fig. 2. The calculated
energies, number of transferred electrons and bond lengths
are shown in Table 1. It was found that the binding energies
(Ebina) of an individual O, molecule (3.25 and 3.67 €V) on the
2Fe-graphene substrates are much higher than those of a CO
molecule (1.43 and 1.72 eV). As shown in Fig. 2(a) and (c), an
adsorbed O, molecule is parallel to the Fe-Fe bond and forms
two O-Fe chemical bonds with a high Ep;,q value (>3.0 eV),
whereas an adsorbed CO molecule is nearly vertical in a
bridging position with respect to the Fe-Fe bond. Besides,
individual CO and O, molecules have higher energies on a
2Fe-MG sheet than on a 2Fe-DG substrate.

As shown in Fig. 2(a), the configuration of an O, molecule on
a 2Fe-DG sheet has an E;,q value of 3.25 eV. About 1.02
electrons are transferred from the substrate to the O, molecule,
which subsequently leads to an elongation of the O-O bond
(1.47 A). In comparison, an adsorbed O, molecule gains more
electrons (1.06 e) on a 2Fe-MG sheet, and thus the O-O bond
length increases to 1.48 A. Hence, the elongation of the O-O
bond is correlated with the amount of electronic charge trans-
ferred to the O, molecule; in other words, more the charge
transferred from the 2Fe-graphene system to the O, molecule,
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Fig. 2 Top and side views of the geometric structures of (a and c) O, and (b and d) CO adsorbed on (a and b) 2Fe-DG and (c and d) 2Fe-MG sheets. The

green, black and red balls represent Fe, C and O atoms, respectively.
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Table 1 Binding energies (Eping in €V), bond lengths (d; in A), adsorption
heights (d- in A), and numbers of electrons (Aq in e) transferred from 2Fe
dopants embedded in graphene sheets to adsorbed O, CO, O and
COZspecies

System Ebina (V) di (&) Aq (e) dy (A)
2Fe-DG O, 3.25 1.47 1.02 1.82

CO 1.43 1.18 0.50 2.04

(0] 6.74 1.03 1.79

CO, 0.69 1.26 0.85 1.94
2Fe-MG 0O, 3.67 1.48 1.06 1.78

CO 1.72 1.19 0.57 1.94-2.04

(0] 6.80 1.05 1.80

CO, 0.82 1.26 0.89 2.04

the more elongated is the O-O bond.*® As shown in Fig. 3(a),
the broadened partial DOS (PDOS) of the 2Fe 3d states strongly
hybridize with the O, 2n*, 56 and 1= orbitals around the Fermi
level (Eg) and also overlap with the TDOS, which illustrates that
there are stronger interactions between the Fe-DG sheet and the
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O, molecule. In addition, the hybridization between adsorbed
O, molecules and Fe atoms induces a magnetic moment in the
entire system due to the increase in the number of unpaired
electrons, which results in asymmetry between the spin-up and
spin-down channels of the systems.

As shown in Fig. 2(b) and (d), an end-on configuration is
favored for a CO molecule on the 2Fe-graphene substrates. An
end-on CO molecule on a 2Fe-MG sheet has a higher Ey;,q value
(1.72 eV) than on a 2Fe-DG sheet (1.43 eV). The adsorbed CO
molecule is nearly vertical on the 2Fe-DG surface with the
distance (d,) between the Fe atom and CO molecule of 2.04 A,
while it is somewhat tilted on the 2Fe-MG surface with a Fe-CO
distance of about 1.94-2.04 A. The DOS plots for the adsorbed
CO molecule on the 2Fe-DG system are shown in Fig. 3(b).
Strong hybridization between the PDOS of the Fe 3d states and
the CO 2n*, 50 and 1= orbitals is observed around the Eg value.
On the basis of Bader analysis, about 0.50 electrons are
transferred from the 2Fe-DG sheet to the CO molecule, which
occupy the CO 2n* states and subsequently lead to an increase
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Fig. 3 Spin-resolved TDOS, local DOS (LDOS), and PDOS (spin-up labeled with 1 and spin-down labeled with |) for (a and c) O, and (b and d) CO
adsorbed on (a and b) 2Fe-DG and (c and d) 2Fe-MG sheets. The black, blue and red solid curves represent the TDOS of 2Fe-DG (or 2Fe-MG) without
(with) adsorbed O, (or CO) and the PDOS of the 2Fe 3d states with adsorbed O, (or CO), respectively, and the green solid curves represent the LDOS of

adsorbed O, (or CO). The vertical dotted line denotes the Fermi level.
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in the C-O bond length to 1.18 A. In comparison, the adsorbed
CO molecule on the 2Fe-MG surface gains more electrons (0.57 e)
and the C-O bond length increases to 1.19 A.

To gain more insight into the origin of the electronic
properties of 2Fe-graphene sheets with adsorbed species, we
investigated the DOS plots for O, and CO molecules on 2Fe-DG
(or 2Fe-MG) systems, as shown in Fig. 3. The TDOS and PDOS
plots for the 2Fe-graphene systems were clearly altered after the
gas molecules were adsorbed. The DOS plots for the 2Fe-MG
sheet with O, and CO molecules were comparatively studied, as
shown in Fig. 3(c) and (d). In comparison with the bare 2Fe-MG
sheet, the adsorption of O, introduces a significant shift in the
DOS plots for the spin-up and spin-down channels. Spin-
resolved DOS peaks appeared at the Er value owing to the
transfer of electrons from the 2Fe-MG sheet to the O, molecule,
which illustrates that the adsorbed O, molecule on the 2Fe-MG
system exhibits metallic properties, whereas the adsorbed O,
molecule on the 2Fe-DG system has a small band gap and
exhibits semiconducting properties. In the DOS plots for CO on
the 2Fe-MG system, there is a band gap at the Er value, and thus
the semimetallic properties of the 2Fe-MG system are converted
into semiconducting properties, as shown in Fig. 3(d). Besides,
the broadened 2Fe 3d states strongly overlap with the LDOS of
O, (or CO) and the TDOS of the system around the Er value,
which illustrates that strong hybridization could enhance the
interactions between reactants and substrates. In comparison
with the semimetallic properties of the 2Fe-DG system, a non-zero
band gap is maintained in the spin-up channel and DOS peaks
appear at the Ey value in the spin-down channel. CO adsorbed on
the 2Fe-DG system thus exhibits metallic properties, as shown in
Fig. 3(b). These results illustrate that the adsorption of CO and O,
could effectively regulate the electronic properties of 2Fe-graphene
systems, which could have a bearing on important applications in
electronic and spintronic devices.

In order to understand the origin of the high stability of
reactants on substrates, we investigated the valence charge
distribution of an adsorbed O, (or CO) molecule on the
2Fe-graphene sheets as shown in Fig. 4. In comparison with
the bare 2Fe-graphene systems, it was found that the adsorbed
O, and CO molecules on the graphene sheets induce charge
redistribution at their interfaces. As shown in Fig. 4(a) and (c),
the charge density distribution and bond elongation of the O,
molecule on 2Fe-MG (1.06 e, 1.48 A) are more pronounced than
those on 2Fe-DG (1.02 e, 1.47 A), which indicates that the
adsorption of O, on 2Fe-MG (3.67 €V) is stronger than that on
2Fe-DG (3.25 eV). In comparison, the adsorbed CO molecule
gains fewer electrons (0.50 and 0.57 e) and exhibits lower
stability (1.43 and 1.72 eV) on 2Fe-DG and 2Fe-MG as shown
in Table 1. Besides, the greater number of electrons (>2.0 e)
transferred to the O, molecule on the 2Fe-graphene systems
illustrates that O, is viewed as an electron-acceptor.** Bader
charge analysis shows that in these systems the doped Fe atoms
serve as donors for supplying electrons, which are partly
transferred to the adsorbed gas molecules, whereas the rest
are used to saturate the dangling bonds of carbon atoms, which
illustrates that there exists bonding of covalent character
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Fig. 4 Charge distribution for (a and c) O, and (b and d) CO adsorbed on
(@ and b) 2Fe-DG and (c and d) 2Fe-MG sheets. The contour lines in the
plots are drawn at intervals of about 0.01 e A=>.

between adsorbates and substrates that facilitates their inter-
action. The lesser (or greater) accumulation of charge density
between the CO (or O,) molecule and the 2Fe-graphene sheet
indicates that O, exhibits higher stability as an electron acceptor
than CO and therefore more electrons are gained by the gas
molecules and the adsorption becomes more stable.

As shown in Fig. 5, the adsorbed gas molecules (O, and CO)
induce spin charge redistribution in the 2Fe-graphene substrates. It
is observed that the more the electrons predominantly accumulate
in the vicinity of the O,-2Fe and CO-2Fe interfaces, the fewer
are the electrons located on the neighboring carbon atoms of
the graphene sheets. In comparison with the bare 2Fe-DG sheet
(14.0 ug), the number of spin electrons on the Fe atoms greatly
decreases due to the transfer of electrons from 2Fe-DG to the
adsorbed gases and thus the O, (or CO) molecule on the 2Fe-DG
system exhibits a lower magnetic moment (12.0 ug) as shown in
Fig. 5(a) and (b). In comparison with the adsorption of CO on
the 2Fe-MG system (10.0 ug), there is a more pronounced spin
charge distribution in the O, molecule adsorbed on the 2Fe-MG
system, which exhibits stronger magnetic properties (11.0 ug),
whereas the magnetic moments of both systems are lower than
that of the bare 2Fe-MG system (12.0 ug). In general, the
magnetic moments of the 2Fe-graphene systems decrease when
a gas molecule is adsorbed, because the transferred electrons
induce spin charge redistribution between the substrate and
adsorbate and reduce the number of unpaired electrons in the
system. Hence, we could distinguish the type of gas adsorbed on
a graphene-based device by measuring the change in the
magnetic moment of the system. On the basis of the above
discussions, it was found that the higher Ey;ing value of the O,
molecule on the 2Fe-DG (2Fe-MG) sheet indicates semi-metallic
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Fig. 5 Spin charge density plots for (@ and c) O, and (b and d) CO
adsorbed on (a and b) 2Fe-DG and (c and d) 2Fe-MG sheets. The contour
lines in the plots are drawn at intervals of about 0.001 e A=,

(or metallic) properties, but the relatively smaller Ey;nq value of
the CO molecule on the 2Fe-DG (or 2Fe-MG) sheet indicates
metallic (or semi-metallic) properties. According to the DOS
plots, the spin-up and spin-down channels of adsorbed O, and
CO molecules on the 2Fe-graphene systems become asymmetric
and exhibit magnetic properties because the transferred electrons
cause spin polarization. Therefore, the spin charge distribution
and magnetic properties of 2Fe-graphene systems could be
regulated by selecting the appropriate adsorbed species.

3.3. CO oxidation reactions on 2Fe-graphene substrates

In general, the stability of gas molecules determines the reaction
pathway on a catalyst.”® Therefore, it is necessary to discuss the
interactions between the active sites of catalysts and adsorbed
gases. The above results show that the adsorbed O, molecule on
the 2Fe-graphene systems tends to gain more electrons and
exhibits higher stability than the CO molecule. The large energy
difference between the individual gas molecules indicates that
2Fe-graphene is preferentially covered by adsorbed O, if a
mixture of CO and O, is injected as the reaction gas and
consequently CO will react with the preadsorbed O,. In addition,
the high stability of the O, molecule on 2Fe-graphene together
with the elongated O-O bond could indicate that the dissociation
of O, is the initial step. Hence, the adsorbed O, is effectively
activated, which holds promise for further CO oxidation reactions.
In addition, the Ep;,q values of CO, on 2Fe-graphene (0.69 and
0.82 eV) are lower than those of the adsorbed CO and O,
molecules, which suggest that a CO, molecule is more easily
desorbed from the active site of the catalyst. The adsorbed O
atom exhibits high stability at a bridging position on the Fe-Fe
bond with high Ey;ng values (6.74 and 6.80 eV). Therefore, it is
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worthwhile to study catalytic processes on 2Fe-graphene sheets
by selecting different reaction mechanisms of CO oxidation.

3.3.1 Reaction pathways on 2Fe-DG sheet. There are
two well-established mechanisms for CO oxidation with O,,
namely, the Langmuir-Hinshelwood (LH) and Eley-Rideal (ER)
mechanisms.”>*%** The LH mechanism involves the coadsorption
of CO and O, molecules before the reaction, followed by the
formation of a peroxo-type OOCO intermediate state (MS) and
then the desorption of CO, molecule. In the ER mechanism, a gas-
phase CO molecule directly reacts with an activated O, molecule
(or atomic O) to produce a carbonate-like state CO; (or CO,). In our
study, several co-adsorbed configurations from the LH mechanism
were tested. Initially, O, and CO molecules were placed at sites in
close proximity. However, no OOCO intermediate state was found
after full geometry optimization, which is in accordance with the
reported results.”” This result indicates that the reaction process of
CO oxidation on 2Fe-graphene via the LH mechanism is almost
impossible or proceeds with great difficulty. Furthermore, the
dissociative adsorption of O, molecules on 2Fe-graphene was also
analyzed, which could provide a sufficient number of oxygen
atoms, and the atomic O (O,q,) that is generated is active for the
oxidation of CO via the ER mechanism. Therefore, the following
steps in the oxidation of CO via the ER mechanism will be
discussed later.

First, the dissociation of O, molecule on 2Fe-DG was studied
as the first step (Fig. 6(a)) in which the most stable adsorbed
configuration of O, is the IS and the two chemisorbed O atoms
located on the top sites of the Fe atoms is the FS. During
the reaction processes, the O-O bond is elongated from 1.47 to
3.32 A and the calculated energy barrier of the dissociation of
0, is 0.20 eV, which is much lower than that on AI-MG*® and
Fe-MG sheets.>® This result illustrates that the doped Fe dimer
as the active site is activated for the decomposition of O,. Then,
we also determined whether the generated O,q4s atoms participate
in the oxidation of CO (IS, TS and FS) on the 2Fe/DG surface,
which includes a two-step process involving the interaction
between two O atoms and two CO molecules. In the first step,
the structure with a generated O,q4s atom and an approaching CO
molecule above the respective Fe atom is viewed as the IS1, in
which the CO-O distance is 3.03 A. It has been shown that the
CO molecule gradually reaches and reacts with the 0,45 atom via
the ER mechanism with an Ey,, value of 0.53 eV, as shown in
Fig. 6(a). In the second step, the physisorbed CO molecule is
close to the binding O,qs atom, and the corresponding CO-O
distance is 2.91 A. When the carbon atom of the CO molecule
approaches the O atom, a second CO, molecule is then generated
with an Ey,, value of 0.23 eV, which is lower than that in the first
step. In the catalytic reactions, it was found that the dissociative
adsorption of the O, molecule (0.20 eV) is energetically more
favored than the CO, formation reactions (0.53 and 0.23 eV).

Secondly, the physisorbed CO molecule directly reacts with
the preadsorbed O, molecule via the ER mechanism (CO + O,
— CO03), and the corresponding optimized structures of each
state along the MEP are shown in Fig. 6(b). Initially, the
configuration in which the CO molecule is suspended above
the preadsorbed O, molecule on the 2Fe-DG sheet is viewed as
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balls represent O, Fe and C atoms, respectively.
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the IS. Subsequently, the CO molecule approaches the activated CO; complex as an intermediate state (MS). The energy barrier
0O, molecule and could be inserted into the O-O bond to forma  of this reaction was calculated to be 0.06 eV (TS1). In the
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reaction process, the C-O bond in CO is elongated from 1.14 to
1.21 A and the 0-O bond in O, is elongated from 1.45 to 2.27 A.
Then, the reaction could proceed via the dissociation of the CO;
complex into a CO, molecule, which leaves an O atom (FS). The
energy barrier (TS2) of this process is estimated to be 1.38 eV,
which is much higher than that of the formation of the CO;
complex and a similar reaction on an Mo-MG sheet.”* Besides,
the reversible reaction (CO, + O,q5s — COj;) has a much lower
energy barrier (0.33 eV) in comparison with the dissociation of
the CO; complex, which illustrates that the CO; complex is

a) 1484 P

View Article Online

Paper

more stable than the final products (CO, and O,4s) as shown in
Fig. 6(b). Furthermore, in a possible reaction pathway the CO;
complex reacts with a second CO molecule (IS2) to produce two
CO, molecules (FS2) through the TS3, which has a higher energy
barrier (1.74 eV) than that of the TS2. Although the formation of
the CO; complex on the 2Fe-DG sheet has a much lower energy
barrier, the system would be trapped by the CO; complex, and
the generation of CO, is an energetically unfavored reaction.
On the basis of the above discussions, the dissociative
adsorption of O, as an initial step is an energetically favored
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reaction for CO oxidation, because the corresponding CO
oxidation reactions have relatively low energy barriers (<0.6 eV),
including the dissociation of the O, molecule and the reaction of
two O,qs atoms with two CO molecules to form two CO, molecules.

3.3.2 Reaction pathways on 2Fe-MG sheet. In order to
investigate the reaction mechanisms of CO oxidation on different
2Fe-graphene substrates, the relationship between the adsorption
stability and the reaction pathways among the reactants and
substrates was studied. The calculated results show that the
individual CO and O, molecules on the 2Fe-MG sheet have
higher Eying values and energy differences than those on the
2Fe-DG sheet, which could affect the catalytic efficiency of CO
oxidation. As shown in Fig. 7, the reaction pathways and energy
barriers for CO oxidation on the 2Fe-MG sheet were investigated
through the ER reaction mechanism, which includes the dis-
sociation of O, and the formation of the CO; complex. First, the
dissociation of O, as an initial step was studied (Fig. 7(a)). In
this reaction, the O-O bond is elongated from 1.48 to 3.66 A,
and the generated O,4s atoms are anchored to the two Fe atoms.
It was found that this reaction has an energy barrier of 0.07 eV
via the TS, which is much lower than that on the 2Fe-DG sheet.
We also determined whether the generated O,qs atom initially
reacts with the physisorbed CO molecule, where the CO-O
distance is 2.91 A. It was shown that the CO molecule gradually
reaches the O,qs atom and generates the first CO, molecule
through the ER mechanism with an energy barrier of 0.42 eV
(TS2). In the next step, the second CO molecule is close to the
binding O,qs atom, and the TS3 is generated with a CO-Og,qs
distance of 3.38 A (Fig. 7(a)). The second CO, molecule is
formed with a lower energy barrier (0.21 eV) than that of the
first step. In the reaction sequence, it was found that the
dissociative adsorption of the O, molecule (0.07 eV) is more
favored than those of the formed CO, molecules (0.42 and
0.21 eV). In comparison, the catalytic CO oxidation reactions
on the 2Fe-MG sheet need to overcome lower energy barriers
than those on the 2Fe-DG sheet.

To gain a better understanding of the CO oxidation reactions
through ER mechanism, the formation of the carbonate-like
(CO3) complex as an initial step was also studied, and the
corresponding reaction processes are shown in Fig. 7(b). First,
the configuration in which the physisorbed CO molecule is
located above the preadsorbed O, molecule on the 2Fe-MG
sheet was selected as the IS. On approaching the activated O,
molecule, one CO molecule could be inserted into the O-O
bond to form a CO; complex on the Fe atoms with a much lower
energy barrier of 0.03 eV (TS1). Then, the reaction could
proceed via the dissociation of the CO; complex into a CO,
molecule, which leaves an 0,45 atom (FS). This process needs to
overcome a high energy barrier (TS2) of 0.95 eV, which is
similar to that on the 2Fe-DG sheet. Furthermore, in another
reaction pathway the CO; complex reacts with a second CO
molecule to form two CO, molecules through the TS3. In
this reaction (CO3; + CO — 2CO,), the calculated energy barrier
(1.38 eV) is higher than that of the dissociation of the COj;
complex (0.95 eV), which indicates that the presence of the CO
molecule is unfavorable for the dissociation of the CO; complex.
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It was concluded that the dissociation of the CO; complex
proceeds with great difficulty and that the CO; complex formed
on 2Fe-MG is more stable than the final products. Hence, the
formation of the carbonate-like (CO3;) complex via the ER
mechanism is an energetically unfavored process.

For the CO oxidation reactions on the 2Fe-graphene sheets,
it was found that the dissociation reactions of O, molecules
have lower energy barriers (<0.2 eV) than the subsequent
reactions between O,4s and CO molecules in the ER mechanism
(2CO + 20 — 2CO,). Although the formation of the COj;
complex as the initial step has a much lower energy barrier,
the carbonate-like CO; complex directly dissociates to produce
a physisorbed CO, molecule with a higher energy barrier.
Therefore, the catalytic CO oxidation reaction on the 2Fe-graphene
sheets through the ER mechanism is almost impossible or proceeds
with great difficulty. In comparison, the dissociative adsorption of
the O, molecule directly generates two O,qs atoms with a low energy
barrier, which is also lower than those on Fe-doped graphene® and
Si-GN4 sheets.”” In comparison with single-atom catalysts, the use
of two Fe atoms as the active sites could enhance the interaction
between O, molecules and the graphene substrate because with
increase in the number of electrons transferred, the O-O bond is
more easily broken and the generated O atoms are active for the
oxidation through ER mechanism. In light of the aforementioned
discussion, it could be concluded that the sequential reactions of
CO oxidation on the 2Fe-graphene substrates through the similar
reaction processes (including O, — 20,45 and 2CO + 20,45 — 2CO,)
have sufficiently low energy barriers (< 0.6 €V) and are more likely to
proceed rapidly in practical reactions. Therefore, 2Fe-graphene
substrates exhibit high activity in the catalytic CO oxidation reaction
and provide a valuable reference for understanding the reaction
mechanism and designing functionalized graphene-based devices.

4. Conclusions

The first-principles calculations were performed to investigate
the geometric and electronic properties of 2Fe-graphene systems.
It was found that a 2Fe-DG sheet is more stable than a 2Fe-MG
sheet, and positively charged Fe dopants could effectively
regulate the stability of adsorbed species. In comparison with
an adsorbed CO molecule, the high adsorption energy and
elongated O-O bond of an O, molecule on the 2Fe-graphene
sheets indicate that the dissociation of O, is the more favored
process. In addition, the catalytic CO oxidation reactions on the
2Fe-MG and 2Fe-DG sheets were investigated comparatively
through different reaction mechanisms. In the ER mechanism,
a preadsorbed O, molecule reacts with a CO molecule to form a
CO; complex with a much lower energy barrier, but the CO;
complex is more stable than the final products. In comparison,
the dissociative adsorption of an O, molecule as the initial
reaction, followed by the subsequent ER reactions (2CO + 20,45 —
2CO,) are more likely to proceed rapidly on the Fe-graphene
sheets because these catalytic processes have sufficiently low
energy barriers. The results obtained in our study demonstrate
that the 2Fe-graphene sheets are promising anode materials for
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CO oxidation and could help in the fabrication of graphene-based
catalysts with low cost and high activity.
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