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The oxidation of CO molecules on Al-embedded graphene has been investigated by using the first
principles calculations. Both Eley—Rideal (ER) and Langmuir—Hinshelwood (LH) oxidation mechanisms
are considered. In the ER mechanism, an O, molecule is first adsorbed and activated on Al-embedded
graphene before a CO molecule approaches, the energy barrier for the primary step (CO + O, —
OOCO) is 0.79 eV. In the LH mechanism, O, and CO molecules are firstly co-adsorbed on Al-embedded
graphene, the energy barrier for the rate limiting step (CO + O, — OOCO) is only 0.32 eV, much lower
than that of ER mechanism, which indicates that LH mechanism is more favourable for CO oxidation on
Al-embedded graphene. Hirshfeld charge analysis shows that the embedded Al atom would modify the
charge distributions of co-adsorbed O, and CO molecules. The charge transfer from O, to CO molecule
through the embedded Al atom plays an important role for the CO oxidation along the LH mechanism.
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DOI: 10.1039/c4ra01908¢ Our result shows that the low cost Al-embedded graphene is an efficient catalyst for CO oxidation at

www.rsc.org/advances room temperature.

1. Introduction

The oxidation of carbon monoxide (CO) has attracted great
interest due to its importance in applications such as cleaning
air and atmosphere purification for CO, lasers,"” as well as
removing CO from hydrogen gas fuel to avoid electrode
poisoning in fuel cells.®> Some noble metals, such as Au,* Pt,>”
Pd%® and Rh*'* have been studied as catalysts for CO oxidation,
and the typical energy barriers for the rate limiting step in CO
oxidation reaction reported are 0.46 eV for Au(221),* 0.79 eV (ref.
6) (0.82 eV (ref. 7)) for Pt(111), 0.91 eV (ref. 6) (0.93 eV (ref. 8)) for
Pd(111),1.17 eV (ref. 6) (1.01 eV (ref. 9)) for Rh(111), and 1.00 eV
for Rh(100).* Supported noble metal clusters are exploited to
further decrease the reaction barriers for CO oxidation.'***
However, these noble metal catalysts are costly and usually
require high reaction temperature for efficient operation due to
the high energy barriers, which is energy-consuming and may
trigger explosion in the presence of hydrogen molecules.
Therefore, developing low-cost catalysts for CO oxidation at
room temperature is desirable, i.e. further reducing the energy
barrier for the CO oxidation reaction using non-noble metals.
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As a novel form of carbon, graphene®® is a promising matrix
to support metal atoms to realize new catalysts due to its
outstanding electrical,’”” mechanical'® and thermal properties.*®
Moreover, the large surface-to-volume ratio also benefits for
graphene as a support for heterogeneous catalysts. However, the
interaction between pristine graphene and CO molecule is
rather weak due to the inert nature of the graphene sheet.*
Theoretically, Au-, Fe-, Cu-, Pt- and Si-embedded graphenes
were predicted to be highly active catalysts for CO oxidation,*'->*
where the energy barriers for the rate limiting step are 0.31 eV
for Au-embedded,* 0.58 €V for Fe-embedded,** 0.54 eV for Cu-
embedded,* 0.59 eV for Pt-embedded,** and 0.57 eV for Si-
embedded graphene,” respectively. Among these embedded
graphenes, the Au-embedded graphene shows the best perfor-
mance for CO oxidation. However, the adsorption energy of CO
molecule (E,q co = —1.53 eV) is larger than that of O, molecule
(Eaga_o, = —1.34 eV) on Au-embedded graphene,* which indi-
cates that CO molecule has priority to adsorb on the Au-
embedded graphene and may prevent the oxidation reaction.
Therefore, further exploiting efficient graphene-based catalyst
for CO oxidation is necessary. It has been reported that the
reaction energy barrier is proportional to the adsorption energy
of adsorbed molecules.® For example, the reaction mechanism
for CO oxidation on Au- and Cu-embedded graphene is the
same, and the co-adsorption energy of CO and O, molecules on
Au-embedded graphene (E,q = —1.82 eV)*' is much smaller than
that on Cu-embedded graphene (E,q = —3.29 eV),* corre-
sponding to a smaller energy barrier for the rate limiting step on
Au-embedded graphene. Our previous studies show that Al-
embedded graphene is a highly active catalyst for H,O
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dissociative adsorption®® and is a promising sensor material for
CO detection.” In addition, our calculated co-adsorption energy
of CO and O, molecules on Al-embedded graphene (E,q =
—1.95 eV) is similar to that on Au-embeded graphene. There-
fore, we expect that graphene embedded with the low-cost metal
Al may be also highly active as a catalyst for the CO oxidation.

In this work, we will study the reaction mechanism of the CO
oxidation on Al-embedded graphene through first principles
calculations. The energy barriers for the reaction are discussed
and the corresponding mechanisms are analyzed through
understanding the electronic structures.

2. Calculation methods

The spin-unrestricted density functional theory (DFT) calcula-
tions are carried out by using Dmol®> package.”” Exchan-
ge—correlation functions are taken as generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE).”®
DFT semicore pseudopotentials (DSPPs) core treatment is
implemented for relativistic effects, which replaces core elec-
trons by a single effective potential. Double numerical plus
polarization (DNP) is employed as the basis set. The conver-
gence tolerance of energy of 10> hartree is taken (1 hartree =
27.21 eV), and the maximal allowed force and displacement are
0.002 hartree per A and 0.005 A, respectively. It was reported
that the selection of exchange—correlation functional has
evidential effect on the result of adsorption energies. However,
the effect on the calculated reaction energy barriers is much
smaller.”® To investigate the minimum energy pathway for CO
oxidation on graphene, linear synchronous transit/quadratic
synchronous transit (LST/QST)** and nudged elastic band
(NEB)* tools in Dmol® module are used, which have been well
validated to determine the structure of the transition state and
the minimum energy reaction pathway. In the simulation,
three-dimensional periodic boundary conditions are taken. The
simulation cell consists of a 4 x 4 graphene supercell with a
vacuum width of 20 A above the graphene layer to minimize the
interlayer interaction. The k-point is set to 5 x 5 x 1, and all
atoms are allowed to relax according to previous reports.>® After
structure relaxations, the density of states (DOS) are calculated
with a finer k-point grid of 15 x 15 x 1. The DFT+D method
within the Grimme scheme® is used in all calculations to
consider the van der Waals forces. The electron orbits of the free
and adsorbed molecules are calculated with CASTEP code,**
where the ultrasoft pseudopotentials, GGA-PBE functional, an
energy cutoff of 340 eV and 5 x 5 x 1 k-point meshes are used.

For one molecule (CO or O,) adsorbed on graphene, the
adsorption energy E,q is determined by,

(1a)

Ead = Emolecule/graphene - (Egraphene + Emolecule)

where Enolccule/graphenes Egraphene aNd Emolecule are total energies
of the molecule/graphene system, the isolate graphene and a
molecule in the same slab, respectively.

For two molecules (CO and O,) co-adsorbed on graphene, the
co-adsorption energy E,q is determined by,
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Ead = Emolecules/graphene - (Egraphene + ECO + EOZ) (1b)
where Emolecules/graphene7 Egraphene; ECO and EO2 are total energies
of the molecules/graphene system, the isolate graphene, CO
and O, in the same slab, respectively.

3. Results and discussion

After embedding Al into graphene, where one C atom is
substituted by one Al atom, the structure of graphene is recon-
structed and the relaxed structure is shown in Fig. 1a. Covalent Al-
C bonds are formed in graphene. Al is moved out of the plane to
get more space due to its relatively large atomic radius of 1.25 A,
while that of C is 0.7 A. The distance between the Al atom and
graphene is s, = 1.51 A, which is consistent with the reported
result of 5 = 1.43 A.** The C-Al bond length I._4 is 1.85 A, which
is in agreement with the reported result of 1.85 A (ref. 34 and 35)
(1.86 A (ref. 36)). The binding energy of the Al atom in graphene is
—5.60 eV. The atomic charges obtained by Hirshfeld method near
the dopant are also given in the configuration of IS in Fig. 1a,
where the Al atom forms electron-deficiency position by trans-
ferring electrons (0.40¢) to graphene. The strong interaction
between the Al atom and C atoms can be further confirmed by the
partial density of states (PDOS) (Fig. 1b), where significant overlap
of the bands of the embedded Al atom and C atom is found. In
addition, the Fermi level crosses the valence band, indicating the
electron-deficiency character, which is consistent with the atomic
charge distribution obtained by Hirshfeld method.

To determine the possibility of Al aggregation, which is a
problem when the concentration of the metals atoms is high,*”
the diffusion of the Al atom to its neighbouring position on
graphene is investigated (see Fig. 1a). It is found that the cor-
responding diffusion barrier for Al atom is 2.98 eV. Since a
surface reaction at ambient temperature may occur only when
the energy barrier is smaller than the critical barrier of Ecpar =
0.91 eV,*® the Al atom here is rather stable. In addition, the
binding energy of Al on graphene is —5.60 eV, which is stronger
than the cohesive energy of Al element of —3.39 eV per atom.*
Therefore, the Al dopant can disperse on graphene quite stably
without clustering problem.
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Fig. 1 (a) The pathway of the embedded Al atom diffusion on gra-
phene, where IS, TS and FS represent initial structure, transition
structure and final structure, respectively. The grey and pink atoms are
C and Al in this and following figures. The atomic charge obtained by
Hirshfeld analysis near the dopant is also given. (b) PDOS of Al atom
and C atom on the Al-embedded graphene. The vertical lines indicate
the Fermi level.
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To investigate the oxidation of CO on Al-embedded gra-
phene, the adsorptions of CO and O, on Al-embedded graphene
are first calculated, respectively. Fig. 2a shows the most stable
configuration of a CO molecule adsorbed on Al-embedded
graphene. It shows that the CO molecule is on the top of the
embedded Al atom and vertical to graphene surface. Chemical
bond is formed between the C atom in CO and the Al atom,
indicating chemical adsorption of the CO molecule on Al-
embedded graphene, which also agrees with the reported
result.”® The corresponding adsorption energies and structure
data of the most stable configurations for CO and O, adsorption
on Al-embedded graphene are listed in Table 1. The adsorption
energy of a CO molecule on Al-embedded graphene E,q =
—0.83 eV, and ~0.15¢ is transferred from the CO molecule to the
Al-embedded graphene based on Hirshfeld analysis. Fig. 2b
shows the PDOS and orbitals of a free CO molecule. All orbitals
are labelled and the 27* anti-bond orbital is fully empty since it
locates far above Fermi level, which is consistent with the
literature results for CO molecule.® The other three orbitals are
fully occupied. In addition, the 5c orbital with two electrons at
the Fermi level state mainly locates on the C atom, indicating
that CO always acts as a donor when its C atom pointing to the
graphene surface.* This agrees with the above Hirshfeld anal-
ysis result. Fig. 2c and d show PDOS and orbitals of the adsor-
bed CO molecule on Al-embedded graphene, respectively.
Compared with the free CO molecule, the 5¢ spin down peak is
significantly depressed in the CO adsorbed on Al-embedded
graphene due to the transferring of electrons from CO to Al
atom. Because CO-27t* is close to the Fermi level, there is some
electrons transferred from Al atom to CO-2m* state and CO-27*
state is partial filled as shown in Fig. 2¢ and d, which leads to
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Table 1 The adsorption energy E,q, the distance between the adsor-
bate and Al-embedded graphene h, bond length of adsorbate [, and
Hirshfeld charge transfer Q from the graphene substrate to the
adsorbate of the most stable configurations for CO and O, molecules
on Al-embedded graphene. The bond length ( of the free CO and O,
molecules are also shown in the table

Eag (V) h (A) 1(A) Q(e)
Free CO — — 1.14 —
Adsorbed CO —0.83 2.06 1.15 0.15
Free O, — — 1.23 —
Adsorbed O, —1.57 1.86 1.43 —0.31

the slight elongation of the C-O bond from 1.14 A in free CO
molecule to 1.15 A.

For the O, adsorption on Al-embedded graphene, the O,
molecule is adsorbed on Al atom much stronger with an E,q of
—1.57 eV and the O-O bond is slightly titled with the graphene
sheet (see IS in Fig. 3a and d). To assess the stability of O,
molecule on graphene, we also studied the dissociative
adsorption of an O, molecule on Al-embedded graphene as
shown in Fig. 3a. After dissociative adsorption, one O atom
adsorbs on Al atom while the other O atom co-binds with the Al
atom and a neighbouring C atom at FS state as shown in Fig. 3a.
After LST/QST and NEB calculations, the energy barrier for the
dissociative adsorption of an O, molecule on the Al-embedded
graphene is 1.66 eV > E.p,, = 0.91 eV,*® which indicates that the
adsorbed O, molecule is stable on Al-embedded graphene
without dissociation at room temperature. The possibility of CO
dissociation on Al-embedded graphene is also considered. Our
DFT calculations show that binding energy of C-O bond (E;, =
11.57 eV) is much stronger than that of O-O bond (E}, = 6.36 €V).
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(a) The most stable structure of CO adsorbed on Al-embedded graphene. (b) PDOS and orbitals of the CO molecule, where the number of

electrons for each orbital is also shown by arrows. (c) PDOS of CO molecule and the Al atom for the Al-embedded graphene with adsorbed CO.
(d) Charge density of 40, 17, 50 and 27t* orbitals of CO molecule on Al-embedded graphene. The vertical lines indicate the Fermi level.
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Fig. 3 (a) The reaction pathway for the dissociative adsorption of O, molecule on Al-embedded graphene. (b) PDOS and orbitals of the O,

molecule, where the number of electrons for each orbital is also shown by arrows. (c) PDOS of O, molecule and Al atom for the Al-embedded
graphene with adsorbed O,. (d) Charge density of 4, 5a, 17t and 27t* orbitals of O, molecule on Al-embedded graphene. The vertical lines

indicate the Fermi level.

Thus CO should be more difficult to be dissociated. As seen in
Fig. 3Db, all the orbitals of free O, molecule are labelled while
the 27t* anti-bond orbital is half filled, which is consistent with
the literature results for O, molecule.** When one O, molecule
is adsorbed on Al-embedded graphene, based on Hirshfeld
analysis, there are about 0.31e to be transferred from the Al-
embedded graphene to O, molecule, which occupies the initial
empty component of the O,-27* orbital. This can be confirmed
by two new peaks presence for O,-27* orbital after its adsorp-
tion on the Al-embedded graphene (see Fig. 3c), which also
leads to the elongation of the O-O bond from 1.23 A in free O,
molecule to 1.43 A. The hybridization between the Al atom and
0,-27* orbitals is observed near Fermi level from the PDOS (see
Fig. 3c). The above results reveal that Al-embedded graphene
has strong interactions with O, and CO (corresponding E,q are
—1.57 and —0.83 eV, respectively), but the adsorption of O, is
much stronger. The adsorbed O, is efficiently activated, which
facilitates the further oxidation of CO molecules.

Two mechanisms for CO oxidation have been established:
Eley-Rideal (ER) mechanism and Langmuir-Hinshelwood (LH)
mechanism.**>*»* In the ER mechanism, the pre-adsorbed O,
molecule is activated by charge transferring with the substrate
and an intermediate product forms when a free CO molecule
approaching. In the LH mechanism, O, and CO molecules co-
adsorb on the embedded graphene before the reaction
happening. Since O, has stronger adsorption energy (—1.57 €V)
than that of CO on Al-embedded graphene (—0.83 eV), the
adsorption of O, on Al-embedded graphene has higher priority,
and thus the ER mechanism seems to be more favourable.
Although the adsorption energy difference between CO and O,

This journal is © The Royal Society of Chemistry 2014

is relatively large, the lower co-adsorption energy of CO and O,
molecules (—1.95 eV) indicates that there is a certain probability
of having O, and CO co-adsorbed on Al atom as discussed in
literatures.?***** Therefore, both mechanisms will be investi-
gated in this work.

In order to determine the preferred mechanism for CO
oxidation, the first reaction step of both ER and LH mecha-
nisms is studied, respectively. If the ER mechanism is favour-
able, the physisorbed CO molecule will react with the pre-
adsorbed O, molecule to form OOCO intermediate (shown as
the TS in Fig. 4a). If the LH mechanism is favourable, the
physisorbed CO molecule will co-adsorb on Al atom with O,
molecule with a small energy barrier. The energy profile for the
ER mechanism is shown in Fig. 4a. The configuration of phys-
isorbed CO perpendicular to the graphene surface was selected
as the initial state IS after considering all possible adsorption
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Fig. 4 (a) The primary reaction step for the oxidation of CO molecule
on Al-embedded graphene for ER mechanism. (b) The reaction
pathway for the adsorption of CO molecule on Al-embedded gra-
phene with pre-adsorbed O, molecule.
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positions. When one CO molecule approaches the activated O,,
after overcoming an energy barrier of 0.79 eV, one O-Al bond is
broken, the O with dangling bond would form a covalent bond
with the C atom in the CO molecule (see TS in Fig. 4a). Then the
C atom of the CO binds with one C atom closed to the Al dopant
and a peroxo-type OOCO complex is formed over the Al atom
(see FS in Fig. 4a). This process is exothermic and releases
energy of 1.28 eV. Fig. 4b shows the energy profile for the CO
molecule co-adsorbed on Al atom with O, molecule, where the
CO molecule is titled towards the Al atom at TS state. After
overcoming a small energy barrier of 0.03 eV, the CO molecule
co-adsorbs on Al atom at FS state as shown in Fig. 4b. This
process is exothermic with releasing energy of 0.18 eV.

The energy barriers above are considered at zero Kelvin. To
take into consideration the effect of temperature, free energy
change (AG) between IS and TS is considered as the corrected
energy barrier Ep,, and can be determined by AG = AH — TAS,
where AH is the change in enthalpy, T is the room temperature
(298.15 K), and AS is the change in entropy. It is known that AH
= (AU + PAV), AU = (AEg + AEyip + AEqans + AEro) and AS =
ASyib + ASirans T ASror, Wwhere AU is the change of internal energy,
AE. is the total electronic energy change obtained from DFT
calculations, the subscript vib, trans and rot indicate the
components from vibration, translation and rotation, respec-
tively. All the above terms can be calculated with vibrational
frequency calculations in Dmol® code. The corrected energy
barriers at room temperature for each step in Fig. 4 are: Ep,, =
0.95 eV in Fig. 4a, and Ep,, = 0.16 eV in Fig. 4b. This result is
reasonable since the physisorbed CO molecule prefers to desorb
from graphene at higher temperature, which makes the reac-
tion more difficult to occur. Since a surface reaction at room
temperature may occur only when Ep,, < Ecpar = 0.91 €V,* the
reaction for the co-adsorption of CO and O, molecules in Fig. 4b
will happen at room temperature, the LH mechanism is thus
focused in the following.

For CO oxidation with LH mechanism, there are several steps
and also intermediate produces (MS) for the oxidation proce-
dure as reported.***** For each reaction step, e.g. from IS to MS
in Fig. 5a, there is also a transition state, the corresponding
atomic structures before (IS) and after oxidation (FS), and MS
are given in Fig. 5a. The configuration of co-adsorbed CO and O,
on the Al-embedded graphene is taken as the initial state (IS in
Fig. 5a) before oxidation based on the discussion above, where
CO and O, are titled and parallel to the graphene surface,
respectively. At TS state, one Al-O bond elongates from 1.86 to
2.38 A and the new C-O bond is formed. After overcoming an
energy barrier of 0.32 eV, OOCO complex (MS in Fig. 5a) is
formed while one O-Al bond is broken. This reaction continues
with the formation of one CO, molecule (MS2) after overcoming
an energy barrier of 0.18 eV (see Fig. 5b), and the CO, molecule
is physically adsorbed in MS2 structure with an adsorption
energy of —0.16 eV. Since the energy released in this step
(2.34 eV) can sufficiently surmount the adsorption energy, the
desorption of the first produced CO, molecule would be effi-
cient. Note that the OOCO configuration in MS remains at TS2
with slight adjustments of bond length and bond angle. The
remaining O atom will react with another CO to produce CO,

20294 | RSC Adv., 2014, 4, 20290-20296
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after overcoming an energy barrier of 0.10 eV based on our
calculation (see Fig. 5c¢), similar to the reported result on Au-
embedded graphene.”* The energy released in this step (2.60 eV)
can also overcome the adsorption energy of CO, (—0.40 eV) in FS
structure and the desorption of the second CO, molecule would
be efficient as well. The energy profile for the formation of the
first CO, molecule is shown in Fig. 5d where the rate limiting
energy barrier is quite low (0.32 eV) for the formation of OOCO
complex. Therefore, CO molecules can be easily oxidized on
Al-embedded graphene at room temperature, indicating that
Al-embedded graphene is an excellent catalyst for the CO
oxidation. The catalyst efficiency is the second highest
among present catalysts except Au-embedded graphene (0.31 eV
(ref. 21)).

The corrected energy barriers at room temperature for each
step in Fig. 5 are: Ep,, = 0.35 eV for stepl, Ep,, = 0.12 €V for
step2, and Ep,, = 0.19 eV for step3. The energy barriers for step1
and step3 slightly increase at room temperature compared with
those at zero kelvin. The reaction time for each step in Fig. 5 at
room temperature is estimated by the following equation,

1

7<i> (2)
ve\ ks T

where » is in order of 10'% Hz, kg is the Boltzmann constant and
T=298.15K. 1, = 8.1 x 10’ s for step1, 1, = 1.1 x 10 *° s for
step2, and 73 = 1.6 x 10~ ° s for step3, respectively. Thus, the CO
oxidation on Al-embedded graphene in LH mechanism
possesses very fast reaction kinetics.

To gain more insight into the origin of the high activity of the
Al-embedded graphene, the Hirshfeld charge transfer and
PDOS near the adsorbates along the LH reaction path are shown
in Fig. 5 and 6, respectively. O, obtains 0.362e while CO loses
0.163e by Hirshfeld charge analysis for IS structure in Fig. 5a.
The initial empty component of the O,-27* orbital is partially
filled while the CO-27* orbital is nearly empty (see Fig. 6a) due
to the electron transformation during the adsorption. There-
fore, there is a tendency of charge transfer from the electron-
efficiency O, to the electron-inefficiency CO, which will facilitate
the bond formation of O, and CO. At TS state, the Hirshfeld
charge of O, molecule is 0.287e while that of CO molecule is
0.094e in Fig. 5a, which indicates that there is charge transfer
from O, to CO. The CO-27* orbital is more filled and splitted as
shown in Fig. 6b. After overcoming the energy barrier, there is
more charge transfer from O, to CO, where the Hirshfeld charge
of O, molecule is 0.237e while that of CO molecule is 0.049¢ for
MS structure in Fig. 5a. The O,-27* orbital is significantly
depressed while the CO-27* orbital is half filled in Fig. 6c. The
above discussions show that the Al-embedded graphene
mediate the charge distribution of O, and CO molecules, where
the charge transfer from O, to CO plays a key role for the OOCO
formation. Moreover, the states of C-O in CO molecule and O1-
02 (labelled in Fig. 5a) in O, molecule interact with each other,
strengthening C-O2 bond while weakening O1-O2 bond, as
indicated by the superposition of the C-O and O1-O2 states at
TS2 (see Fig. 6d), which will facilitate the formation of CO,
molecule.

T =

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 The reaction pathway of CO oxidation on Al-embedded graphene for LH mechanism: stepl (a), step2 (b) and step3 (c). The energy profile
for the formation of the first CO, molecule is shown in (d). The unit of E is eV, where E is the energy barrier. The Hirshfeld charge near the

adsorbate is also shown.
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Fig.6 PDOS of adsorbed CO, O, and Al atom for the IS (a), TS (b), MS (c) and TS2 (d). Black, red and pink curves represent PDOS of adsorbed CO,
O, and Al atom, respectively. The orbitals of the adsorbed CO and O, molecules are roughly labelled. The vertical lines indicate the Fermi level.

4. Conclusion

The oxidation of CO molecule on Al-embedded graphene has
been investigated by using the first principles method. It is
found that the LH mechanism is preferred for CO oxidation on
Al-embedded graphene, where the energy barrier for the rate
limiting step is only 0.32 eV. This barrier is lower than almost all
reported catalysts, except the Au-embedded graphene with
barrier of 0.31 eV. The charge transfer from O, to CO molecule

This journal is © The Royal Society of Chemistry 2014

through the embedded Al plays an important role for the CO
oxidation along the LH mechanism. Our result indicates that Al-
embedded graphene can be a low cost and efficient catalyst for
CO oxidation.
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