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ABSTRACT:

(&) . (¢S

The catalytic oxidation of CO on Cu-embedded graphene is investigated by DFT. The reaction proceeds via a two-step mechanism
of CO 4+ O, —~ O0CO — CO, + O and CO + O — CO,. The energy barriers of the former are 0.25 and 0.54 eV, respectively,
while the latter is a process with energetic drop. The high activity of Cu-embedded graphene may be attributed to the electronic
resonance among electronic states of CO, O,, and the Cu atom, particularly among Cu-3d, CO-27%, and O,-27r* orbitals. This good
catalytic activity opens a new avenue to fabricate carbon-based catalysts for CO oxidation with lower cost and higher activity.

1. INTRODUCTION

CO oxidation plays an important role in solving the growing
environmental problems caused by CO emission from automo-
biles, industrial processes, and so on. Earlier investigations, both
experimentally’ > and theoretically,® ' have been made to
lower the energy barrier E, values for CO oxidation on metallic
surfaces. For examples, some noble metals of Pt, "¢~ %1718:21
Pd>S101LI7I821L Ry 4812,13,17,182021 Ay 41619 ope o effec-
tively catalyze CO oxidation. They are however costly and
require high reaction temperatures for efficient operations. In
order to conquer this bottleneck, recent studies address novel
catalysts such as alloys,*>>* clusters,”>~>* metal oxides,*>** and
even metallic nanotubes.”® Obviously, catalysts with higher
activity and lower cost are desirable for wide applications.

Graphene, a one-atom-thick carbon sheet with unique elec-
tronic and geometric properties, has been regarded as one of the
most promising candidates for the next generation of electronic
materials.>*~** Recently, graphene has been extensively studied
as a support for heterogeneous catalysts due to the huge surface-
to-volume ratio for catalytic reaction,*® such as Pt supported on
graphene sheets,**”** Au- or Fe-embedded graphene,**** TiO,-
decorated graphene,“s’46 and even intrinsic graphene under
electric field.*” Note that the metal-embedded graphene struc-
tures have been fabricated experimentally with good thermal
stabilities*® due to stronger bonding between metals and neigh-
boring carbon atoms.**”*' Thus, these investigations provide a
comprehensive understanding that graphene may be a very active
catalyst through the interactions between the carbon vacancies
and metal clusters or a single atom.
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On the basis of the above evidence, it is natural to expect that
Cu-embedded graphene (Cu/graphene) can also exhibit a
similar catalytic behavior since Cu and Au belong to the same
elemental group of the noble metals with a similar electronic
structure. In addition, Cu is cheap, environmentally benign,
readily available, and rich in the earth, meeting our requirements
to develop low-cost, green, and efficient catalysts. In this work,
we investigate the catalytic oxidation of CO on Cu/graphene by
means of the first-principle calculations. Our calculations suggest
that Cu/graphene can also exhibit similar or even higher catalytic
behavior like the Au/graphene and Fe/graphene systems.*>**

2. COMPUTATIONAL METHOD

All calculations were performed using the spin-unrestricted
density functional theory (DFT) as implemented in the DMol®
code.”>*3 Exchange-correlation functions were computed within
a local density approximation with Perdew—Wang correlation
(PWC).>* DFT semicore pseudopotentials (DSPPs) core
treatment™ was implemented for relativistic effects, which
replaced core electrons by a single effective potential. In addition,
double numerical plus polarization (DNP) was chosen as the
basis set and the quality of orbital cutoff is fine.

A hexagonal graphene supercell (4 X 4 graphene unit cell)
containing 32 atoms was introduced to model a system where

Received: ~ September 20, 2010
Revised:  January 8, 2011
Published: February 11, 2011

3678 dx.doi.org/10.1021/jp108978c | J. Phys. Chem. C 2011, 115, 3678-3683



The Journal of Physical Chemistry C

LDOS (electron‘eV)

Figure 1. Top and side views of the geometric (a) and electronic (b) structures of Cu/graphene. The big jacinth (small gray) ball represents the Cu
atom (carbon atoms). The red and blue regions show the electron accumulation and loss. (c) Spin-polarized local density of states projected on Cu-3d
(red), Cu-4s (blue), and C-2p (black for neighboring carbon atoms) orbital curves. The Fermi level is set to zero. (d—f) Atomic configurations of the
initial state (IS), transition state (TS), and final state (FS) for the migration of a Cu-vacancy pair in graphene sheet.

one C atom is substituted by a Cu atom, approaching the isolated
impurity limit. The modulus unit cell vector in the z direction was
set to 13 A, which led to negligible interactions between the
system and their mirror images. For geometric optimization and
the search for the transition state (TS), the Brillouin zone
integration was performed with 3 X 3 X 1 k-point sampling,
which brings out the convergence tolerance of energy of 1.0 X
107 ° hartree and that of maximum force of 0.002 hartree. For the
density-of-states (DOS) calculation, the k-point was set to 20 X
20 x 1 to achieve high accuracy. Charge transfers were calculated
with the Hirshfeld charge analysis method.*® To investigate the
minimum energy pathway (MEP) for CO oxidation, linear
synchronous transit (LST/QST) and nudged elastic band
(NEB)*” tools in DMol® code were used, which have been well
validated to find TS and MEP. The adsorption energy E,q
between the adsorbate and Cu/graphene is defined as

Ead = Et - (ECu/graphene + Eadsorbate) (1)

where the subscripts t, Cu/graphene, and adsorbate denote the
total energies and the energies of the corresponding substances.

3. RESULTS AND DISCUSSION

Figure 1 shows the geometric and electronic properties of Cu-
embedded graphene (Cu/graphene). The Cu atom is located on
top of the single vacancy H site, forming three bonds with the
nearest carbon atoms, as shown in Figure 1a. The bond length
between Cu and neighboring C (lc,—c) is 1.83 A, and the
distance between Cu and the graphene sheet is 1.32 A, which is a
little smaller than that of literature data (about 1.7 A).>° This
difference may be due to distinct exchange and correlation
functions used. Meanwhile, there is about 0.37e charge transfer
(Q) from Cu to graphene sheet according to the Hirshfeld charge
population analysis, and the magnetic moment of the whole
system is 0.93 up compared with the literature data of about
1.3 p.>* The charge transfer can also be verified by the difference
of electronic densities of Cu/graphene, as shown in Figure 1b

where the red and blue regions represent the areas of electron
accumulation and loss, respectively. Obviously, different electron
affinities of Cu and C change the electron distribution of the Cu/
graphene system. However, the whole graphene structure re-
mains covalent in nature due to the electrons are mainly located
within the bonds rather than heavily centered on the C atoms, as
shown the top view of Figure 1b.

To gain deeper insight into the electron structure of Cu/
graphene, the spin-polarized local density of states projected on
Cu-3d and Cu-4s orbitals and neighboring C-2p orbital is
plotted, as shown in Figure lc. Because of the formation of
C—Cu bonds and charge transfer from Cu to C, Cu-4s, Cu-3d,
and C-2p orbitals are partially filled. As a result, the high density
of spin-polarized states is localized around Eg while the localized
Cu-3d orbital is important to activate reactants to lower the
reaction barriers, which will be discussed later.

Considering the possible clustering problem of Cu atom
embedded graphene, we also computed the energy barrier for
Cu diffusion in graphene from the vacancy site H to its
neighboring one. Parts d and f of Figure 1 show the initial and
final structures, respectively, where the Cu-vacancy pair moves or
migrates to a neighboring site. One C bond breaks first, and a
pentagon forms during the migration (Figure le). The diffusion
energy barrier E, is ~2.34 eV, which implies that metal clustering
problem is absent and the Cu/graphene system is the energeti-
cally stable structure. Therefore, we can deduce that the carbon
vacancies or dangling bonds of carbon atoms can improve the
stability of Cu atom on graphene and tune the electronic
structure of Cu atom.

Herein, we first consider the adsorptions of CO and O, with
Cu/graphene, respectively. Figure 2a shows the most stable end-
on configuration of CO on Cu/graphene system with E,4(CO) =
—1.71 eV. Meanwhile, there is about 0.02¢ charge transfer from
Cu/graphene to CO, which occupies CO-27* orbital and sub-
sequently leads to the elongation of Ic—o from 1.13 to 1.1 A
(Figure 2b,c). In this case, the electrons not only accumulate on
O ion but also on C—Cu bond. However, the whole graphene
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Figure 2. Top and side views of the geometric (a, d) and electronic (b, e) structures of CO and O, adsorbed on Cu/graphene, respectively. (c) Spin-
polarized local density of states projected onto CO on Cu/graphene. Red and black curves indicate the d-projected LDOS of Cu and the adsorbed CO,
respectively. (f) Spin-polarized local density of states projected onto O, on Cu/graphene. Black curve shows adsorbed O,.

structure remains covalent, shown in the top view of Figure 2b.
The strong hybridization between Cu-3d and CO-27r* orbitals is
observed near Eg. from the computed DOS (Figure 2c). This also
indicates that the variation in bond strength is caused by CO 277*-d
coupling; namely, the stronger this coupling, the stronger the
CO—metal bonding.>® For the Cu/graphene system, CO ad-
sorption increases the magnetic moment of the whole system to
0.94 up, which is induced by the increase of unpaired electron
numbers due to the hybridization between Cu and C atoms.

For O, adsorption on Cu/graphene, the most energetically
favorable configuration is characterized by O,, being parallel to
the graphene sheet and forming two chemical bonds with Cu
(side on) where E,4(O,) = —2.67 eV, which is more favorable
than the end-on configuration of CO (Figure 2d). There is about
0.30e charge transfer from Cu/graphene to O,, which occupies
0,-27* orbital and brings out l5; o, elongation from 1.21 to
1.35 A, as shown in Figure 2e/f. In this case, the electrons mainly
accumulate on O, where O,-27t* orbital is half-filled, and the
whole graphene structure is still covalent. Similar to O, adsorbed
on Mn/graphene system,* O, adsorption with the hybridization
between Cu and O atoms reduces the magnetic moment of
whole system to 0.53 up due to the drop of unpaired electron
numbers.

Since O, interacts with Cu/graphene stronger than CO, Cu of
Cu/graphene should be covered by O, if CO and O, are
coadsorbed, which is also an exothermic process with E,4-
(CO+0,) = —3.29 eV, being larger than E,4(CO) and E,4(0,).
In fact, a stronger binding strength between the adsorbates and
the catalyst may promote associated product formation.*>**
Meanwhile, there is about 0.21e charge transfer (Q) from Cu/
graphene sheet to CO + O,, and the magnetic moment of the
whole system is a 0.33 up. In addition, the most stable adsorp-
tion site of CO, locates on Cu (end-on configuration) with
E.4(CO,) = —0.49 eV via researching various possible adsorption
sites, suggesting a weak adsorption of CO, on Cu/graphene and
can easily desorb from the reaction site.

There are two well-established reaction mechanisms
[Langmuir—Hinshelwood (LH) and Eley—Rideal (ER)] be-
tween adsorbed CO and 0,.2%35*3* We find that the dissocia-
tive adsorption of O, on Cu atom is energetically unfavorable
when O, interacts with the Cu/graphene system. Thus, the ER
mechanism is hardly possible in our case as a starting point, which
is similar to the case of CO oxidation on Au/graphene system.**
Let the LH reaction of CO + O, — O0OCO — CO, + O asa
starting point; the ER reaction of CO + O — CO, is followed.
To search for the minimum-energy pathway (MEP) for CO
oxidation, we selected the most stable coadsorption configura-
tion as an initial state (IS), where CO and O, are tilted and
parallel to the graphene sheet, respectively (Figure 3a). The final
state (FS) consists of a CO, molecule physisorbed on Cu/
graphene with a chemisorbed atomic O nearby (Figure 3e). The
local configurations of the adsorbates on Cu/graphene at each
state along MEP are also displayed in Figure 3.

Once CO and O, are coadsorbed on Cu/graphene, one
oxygen atom O2 approaches C of CO and reaches TS1. The
energy barrier E, along MEP is estimated to be 0.25 eV. Mean-
while, a peroxo-type O1—02—C—O complex is formed above
Cu atom. Passing over TS1, the complex s still maintained until a
metastable configuration (MS1) is reached. Meanwhile, there is
about 0.37¢ charge transfer from Cu/graphene sheet to O1—
02—C—0 complex, and the size of the magnetic moment of the
whole system is 0.12 5. The bond length I; — o, increases from
1.35 to 1.47 A in this exothermic process. The reaction con-
tinuously proceeds from MS1 to FS with a relatively high E, value
of 0.54 eV (TS2) where CO, is formed, leaving an atomic O1
adsorbed on Cu/graphene. There is about 0.39¢ charge transfer
from Cu/graphene sheet to O1 (0.34¢) and CO, (0.05¢), and the
magnetic moment of whole system is nearly zero. We conclude
that the magnetization of the whole system almost vanishes after
CO, and O are adsorbed on Cu/graphene.

In the catalysis theory, it is known that the overall barrier is
important rather than a particular barrier. Usually, if one of

3680 dx.doi.org/10.1021/jp108978c |J. Phys. Chem. C 2011, 115, 3678-3683



The Journal of Physical Chemistry C

(e) ()

(® ‘ )

Figure 3. Local configurations of the adsorbates on Cu/graphene at each state along MEP. In the first step, corresponding structures include IS (a), TS1
(b), MS (c), TS2 (d), and FS (e) along MEP via the CO + O, — OOCO — CO, + O route. In the second step, the corresponding final structures
include three binding sites (parallel, perpendicular, tilted) for CO, adsorbed on Cu/graphene via CO + O — CO, route (f—h).
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Figure 4. Schematic energy profile corresponding to local configura-
tions shown in Figure 3a—e along the minimum-energy pathway via the
CO + O, — O0CO — CO, + O route. All energies are given with
respect to the reference energy.

intermediate reactions is endothermic, the overall barrier can be
higher than all the particular ones. Otherwise, the overall barrier
should be equal to the highest particular one. To clarify the
barrier case, the MEP profile is also summarized in Figure 4
where the schematic energy profile corresponds to local config-
urations shown in Figure 3a—e along the minimum-energy
pathway via the CO 4+ O, — OOCO — CO, + O route. As
shown in Figure 4, both the intermediate and final reactions of
CO + O, — 00CO — CO, + O are exothermic with particular
barriers of 0.25 and 0.54 eV. Thus, the overall barrier should be
equal to the latter one, namely 0.54 eV.

We also checked whether CO oxidation with atomic O1 (ER
mechanism) is conceivable after CO, is formed via ER mechan-
ism. We first chose three configurations (parallel, perpendicular,
tilted) of the CO molecule more than 3.0 A away from the atomic
O1 preadsorbed on Cu, followed by the step that O1 bound with
Cu reacts with CO to produce CO,. It was found that the
reactions can proceed without energy barriers, namely, CO is
easily adsorbed on the O/Cu/graphene system (Figure 3f—h).

Note that the largest E_4 value of CO, on Cu/graphene is only —
0.49 eV. Thus, CO, can be easily desorbed from Cu/graphene
system due to the weak adsorption. Comparing with several
previous works, we found that the largest E, = 0.54 eV is
much lower than those of commonly used catalysts such as
Pt 1269171821 pg3SI0ILIZISAL R 4812,1317,182021° A\ S14-1619
etc,, merely around 1.00 eV. Note that the values for Au/
graphene and Fe/graphene systems are 0.31 and 0.58 eV.***
Moreover, the second step of the oxidation on Cu/graphene (the
Eley—Rideal reaction) proceeds without energy barrier while the
reported lowest magnitude of E, value is 0.03 eV for CO
oxidation with atomic O on Au nanotube.>

To gain more insight into the origin of the high activity of Cu/
graphene system, we investigate the electronic structures in LH
reaction progresses. As we discussed above, the partially occu-
pied Cu-3d orbital, being crucial for the activity, is localized
around Eg due to the interaction between Cu and graphene.
Figure S shows the electronic local density of states (LDOS)
projected onto C—O and O1—02 bonds as well as the d-pro-
jected LDOS of Cu in IS, TS1, MS, and TS2 of LH step,
respectively. The s- and p-projected LDOS of Cu and p-pro-
jected LDOS of C have no significant change in the reaction
progresses and are thus not shown here. Up on CO and O,
coadsorption, the Cu-3d orbital is partially occupied in IS
configuration with the charge transfer between Cu and adsor-
bates. The antibonding orbitals of CO-27* and O,-27* are
partially filled due to the strong hybridization with the Cu-3d
orbital. In addition, 157 and S0 orbitals of CO and O, are more
broadened and involved with Cu-3d orbital, compared with
Figure 2¢f. From IS to TS1, O,-1 and O,-27* orbitals are
gradually broadened and involved within Cu-3d orbitals to
weaken the O1—02 bond. In the MS, the strong hybridization
between 177 and 50 orbitals of O, and Cu-3d orbital can be
observed below the Fermi level. From MS to TS2, the occupied
27r* orbital is elevated above Er due to the interaction between
02 and CO mediated by Cu, as indicated by the decrease of
lc—02. As comparisons, 40* orbital is not involved in the reaction
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Figure S. Spin-polarized local density of states (LDOS) projected onto
C—0 and O1—02 on the Cu/graphene (Figure 3a—e), together with
the d-projected LDOS of the Cu atom in the IS, TS1, MS, and TS2. Black
solid curve, C—O on Cu/graphene; blue solid curve, O1—02 on Cu/
graphene; red curve, d-projected LDOS of the Cu atom. The Fermi level
is set to zero. The orbital notations are roughly indicated by a, b, ¢,and d
in reaction processes.

since its position is far below Ep. For C—O species on Cu/
graphene, 177 and 50 orbital, below Ep, is strongly hybridized
with Cu-3d orbital in IS. The CO-277* orbital is also pulled close
to Eg, and it is partially filled due to the electronic resonance
between C—O-27r* and Cu-3d orbitals from IS to TS1. From MS
to TS2, the 271" state of C—O is gradually elevated above Eg. The
partial occupation of this antibond leads to the slight increase of
C—O bond length (MS) and finally reduces the C—O bond
length close to the value of I of an isolated CO, molecule. A
net charge transfer from Cu to the adsorbates in these reaction
progresses occurs, resulting in partially filled Cu-3d orbital.
Overall, the formation of the unstable peroxo-type O1—02—
C—O complex results in a redistribution of LDOS and an orbital
shift for both C—0O and O1—02 species. From IS to TS1 to MS
to TS2, the C—O-27* and O1—02-27* orbitals are expanded
and involved with the Cu-3d orbital. Moreover, mediated by Cu,
the states of C—O and O1—O2 interact with each other,
strengthening C—02 bond while weakening O1—0O2 bond, as
indicated by the superposition of the C—O and O1—0O2 states at
TS2. Meanwhile, Cu-3d orbital dominates the interaction be-
tween CO and O, on the Cu/graphene system. For ER reaction,
Cu s positively charged due to the higher electronegativity of O1
prebonded with Cu. The Cu-3d orbital is partially filled while CO
approaches O1 directly and forms C—O1 bond.

In light of the above discussion, we conclude that CO
oxidation on Cu/graphene may be characterized as a two-step
process: LH reaction initiates CO oxidation with E, = 0.25 eV
and E, = 0.54 eV followed by ER reaction without energy barrier.
The both reaction steps could proceed rapidly because of the low
E, values involved.

4. CONCLUSION

In summary, we performed DFT calculations to investigate
the reaction mechanism of CO oxidation catalyzed by the Cu/
graphene system as well as structural and electronic properties of

adsorbates and adsorbents. We found that the system has a high
catalytic activity via the oxidation reaction of CO molecule. CO
oxidation most likely proceeds with LH reaction as the starting
point with lower activation barriers of 0.25 and 0.54 eV, followed
by ER reaction without energy barrier. The high activity of Cu/
graphene may be attributed to the electronic resonance among
electronic states of CO, O,, and the Cu atom, particularly, among
Cu-3d, CO-27t%, and O,-27t* orbitals. This good catalytic activity
shows that Cu/graphene system is a good candidate for CO
oxidation with lower cost and higher activity.
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