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Abstract We investigated CO adsorption on the pristine,
Stone-Wales (SW) defected, Al- and Si- doped graphenes by
using density functional calculations in terms of geometric,
energetic and electronic properties. It was found that CO
molecule is weakly adsorbed on the pristine and SW
defected graphenes and their electronic properties were
slightly changed. The Al- and Si- doped graphenes show
high reactivity toward CO, so calculated adoption energies
are about —11.40 and —13.75 kcal mol ™" in the most favor-
able states. It was found that, among all the structures, the
electronic properties of Al-doped graphene are strongly
sensitive to the presence of CO molecule. We demonstrate
the existence of a large E, opening of 0.87 ¢V in graphene
which is induced by Al-doping and CO adsorption.
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Introduction

As a toxic gas, carbon monoxide (CO) still remains one of the
major gaseous pollutants associated with automotive emis-
sions, combustion or natural gas manufacturing, industrial
activities as well as numerous fires. The threshold limited
value for CO is about 3-5 ppm. When the concentration of
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CO is higher than 15 ppm it is dangerous for the human body
[1]. Consequently, reliable, low-cost CO sensors with high
sensitivity and selectivity at low temperatures, and low energy
consumption have been required for environmental safety and
industrial control. Many sensors have been developed so far
for different applications to monitor CO with acceptable level
of accuracy [2-7].

Since their discovery in experiments in 2004 [8], graphene
and graphene-like materials have been under investigation
theoretically and experimentally because of their novel phys-
ical and chemical properties [9—11]. Due to their unique struc-
ture and properties, these new materials show great potential in
many fields, particularly in the field of nanodevices, such as
chemical sensors [12—14]. Studies of as-grown graphene, ra-
diation treated graphite and other carbon nanostructures have
revealed that defects are common phenomena in carbon-based
nanomaterials. Therefore, understanding the properties of in-
trinsic or artificial defects has become essential for the further
development of many applications such as nanoelectronic de-
vices, intramolecular junction and graphene-based lithium bat-
teries. It is well known that pristine graphene is a zero-gap
semimetal, and it always has zero energy finite conductivity,
which prevents pinch off of the field effect transistor, so
pristine graphene cannot provide an on-off signal ratio [15]
which is an essential feature of traditional semiconductors.
Thus, opening and tuning the bandgap of graphene are espe-
cially crucial to its practical application in electronic devices.
Recently, several schemes have been proposed to open and
tune the bandgap of graphene such as graphene-substrate
interaction [16], patterned hydrogen adsorption [17], con-
trolled adatom deposition [18] physical cutting single-layer
graphene into nanoribbons [19] or etching it into antidot lat-
tices [20].

After its successful fabrication, experiments have shown
that graphene can be a good sensor for gases such as NO, and
NH; with high sensitivity [12—14]. Basically, it is expected
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Fig. 1 Model for different a
stable adsorption of CO on the
P-graphene. Bonds are in A

that the adsorption of gas molecules on sensors is stable and
changes of the conductivity should be observable. However,
most gases are found physisorbed on suspended pristine
graphene (P-graphene) [21]. On the contrary, the dopants
and defects in graphene may enhance the adsorption of mol-
ecules [21], indicating that doped atoms and defects play
important roles in the applications of them. In the present
work, within the density functional theory (DFT) framework,
the interaction of CO with graphene will be investigated based
on analyses of structure, energies, electronic properties, etc.
We are interested in whether there is a potential possibility of
graphene serving as a chemical sensor to CO molecule, and if
not, can we find a method for improving the sensitivity of
graphene to CO?

Computational methods

We selected a graphene that consisted of 78 C atoms, in
which the end atoms have been saturated with hydrogen
atoms to reduce boundary effects. It should be mentioned
that structural, mechanical, electronic and magnetic proper-
ties of finite size graphene may depend on the edge atoms.
Further experimental probes have revealed intriguing pref-
erence of a particular edge type (zigzag vs. armchair). But it
has no significant influence on the results of our work.

These effects can be ignored when the results of gas mole-
cules adsorbed on the graphene surface are compared based
on the same system and calculation method. Obtaining
absolute values for different parameters of the systems is
not our concern, while we want to study the change of
different characters upon adsorption processes.

Geometry optimizations, energy calculations, and density
of states (DOS) analysis have been performed on graphene
and different CO/graphene complexes using B3LYP func-
tional with 6-31G(d) basis set as implemented in GAMESS
suite of program [22]. GaussSum program has been used to
obtain DOS results [23]. The B3LYP is demonstrated to be a
reliable and commonly used functional in the study of
different nanostructures [24—27]. We have defined adsorp-
tion energy in the usual way as:

E.q = E(CO/graphene) — E(graphene) — E(CO) + Epssg, (1)

where E (CO/graphene) corresponds to the energy of the
CO/graphene in which the CO has been adsorbed on the
surface, E (graphene) is the energy of the isolated sheet, E
(CO) is the energy of a single CO molecule, and Epggg, is the
energy of the basis set superposition error. By definition, a
negative value of E,q corresponds to exothermic adsorption.
The canonical assumption for Fermi level is that in a mol-
ecule (at T = 0 K) it lies approximately in the middle of the

Table 1 Adsorption energy (E.q

in kcal mol™'), HOMO energies Configuration Eag “Qr (e Enomo ELumo E, bAEg (%)
(Exomo), LUMO energies
(ELumo) and HOMO-LUMO graphene - - -3.73 —3.48 0.25 -
energy gap of pristine systems in  (a) CO/graphene -0.56 -0.003 -3.72 -3.48 0.24 -4.0
eVat BILYP level of theory (b) CO/graphene ~0.44 ~0.001 -3.73 -3.48 0.25 0.0
(c) CO/graphene -0.37 0.000 -3.72 -3.46 0.26 +4.0
3Qq is defined as the total Mul- (d) CO/graphene -0.28 0.000 -3.72 -3.47 0.25 0.0
liken charge on the molecule (e) CO/graphene -0.20 0.000 -3.72 -3.48 0.24 -4.0
"Change of E, of pristine () CO/graphene -0.15 0.000 -3.71 -3.47 0.24 -4.0

graphene after CO adsorption
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Fig. 2 Comparison of density of states (DOS) of P-graphene and CO/
P-graphene

highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy gap (E,). In
fact, what lies in the middle of the E, is the chemical
potential, and since the chemical potential of a free gas of

Fig. 3 Structure of optimized
(a) SW-graphene, (b) CO/SW-
graphene complex and their
density of states (DOS). Bonds
are in A

electrons is equal to its Fermi level as traditionally defined,
herein, the Fermi level of the considered systems is at the
center of the E,.

Results and discussion
The pristine graphene

At first, we investigated the most stable configuration of CO
adsorbed on the P-graphene. Several initial configurations
have been considered in order to study the adsorption of CO
on the P-graphene. A CO molecule was initially placed
above a carbon atom or the center of a six-membered ring
(6MR), with the CO molecule oriented perpendicular (with
the C or O atom pointing toward the graphene sheet) to the
graphene. Several other configurations with the CO mole-
cule, which were placed parallel to the graphene plane, were
also tested. After full relaxation, a configuration with the
adsorbed CO axis aligned parallel to the graphene plane
along the axis of two opposite C atoms of the 6MR was
found to be the most stable one for the P-graphene. The E 4
of this system is —0.56 kcal mol™" and the molecule-sheet
distance is 4.22 A (Fig. 1a). The low E,q and long distance
indicate a weak interaction.

The charge transfer between CO and P-graphene was
obtained from Mulliken population analysis (Table 1). For
CO on P-graphene, the calculated charges on the C and O
atoms of the CO are about 0.180 and -0.183 e, respectively,
while there was no charge on the C atoms of the P-graphene.
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Table 2 Adsorption energy (E.q

in kcal mol™'), HOMO energies Configuration Ead *Qr () Enomo Erumo E, °AE, (%)
(Eomo), LUMO energies
(ELumo) and HOMO-LUMO SW-graphene - - -3.83 —3.45 0.38 -
energy gap (E,) of modified CO/SW-graphene -1.01 -0.008 -3.83 ~3.46 0.37 2.6
f}}l/:(t;ryns in eV at B3LYP level of Si-graphene _ _ 377 351 026 B
S.1 -4.77 0.014 -3.71 -3.46 0.25 -3.8
S2 ~11.40 0.029 -3.71 -3.45 0.26 0.0
8Qq is defined as the total Mul- Al-graphene - - -3.99 -3.67 0.32 -
liken charge on the molecule Al -13.75 0.201 -3.79 -3.52 0.27 -15.6
°Change of E, of modified  A» ~11.61 0.139 —4.17 -2.98 1.19 +272.0

graphene after CO adsorption

Meanwhile, a very small charge (0.003 e) is transferred from
the P-graphene to CO. This is in quite good agreement with
Zhang’s results [21]. To verify the effects of the adsorption
of CO on the P-graphene electronic properties, the DOS
plots of CO/P-graphene adsorption systems were calculated
and Fig. 2 shows the DOS for some representative systems.
The results suggest that the CO molecule weakly interacts
with P-graphene. Also, the DOS of the P-graphene (Fig. 2a)
is similar to that of the most stable CO/P-graphene (Fig. 2b).
The contribution of the CO electronic levels to the DOS for
all systems is far away from the Fermi level.

Stone-Wales defected graphene

The SW defect is created by rotating a carbon dimmer 90°
and the relaxed geometry of graphene with Stone-Wales
defect (SW-graphene) and it is shown in Fig. 3a. The main
change in the atomic structure is that the C-C bond belong-
ing to the defect is compressed and stretched. Especially, the
rotated bond is changed from a perfect state 1.43 to 1.35 A.
In the stable SW-graphene structure, defect atoms move out
of plane in the opposite direction in order to lower the
energy by allowing the compressed C-C bonds in its vicinity
to expand. Similarly, the CO molecule was initially placed

Fig. 4 Structure of optimized
(a) Si-graphene, (b) Al-

graphene and their density of
states (DOS). Bonds are in A
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on the various sites of the SW-graphene with different
orientations to find the optimal adsorption configurations.
However, only one local minimum structure was obtained
upon the relaxation process. The value of E,q for SW-
graphene complex (Fig. 3b) is about —1.01 kcal mol™' which
is larger than the E,q of CO/P-graphene complex. This in-
dicates that the existence of SW defect increases the reac-
tivity of graphene toward the adsorption of CO molecule.

Adsorption of CO molecule did not introduce a serious
structural distortion. The binding distance, which is defined
as the length between the O atom of CO molecule and the
center of defected C-C bond in graphene, is 3.51 A and
is lower than that of CO/P-graphene complex. More
detailed information about the simulation of the different
CO/modified graphene systems is listed in Table 2. The low
negative E,y and large binding distance imply that CO
molecule floats above the sheet, and there is no evidence
to indicate that a chemical bond is formed between the CO
molecule and the SW-graphene. Such weak interaction be-
tween the CO molecule and the SW-graphene is a charac-
teristic property of physisorption similar to that of CO/P-
graphene complex.

By comparing the DOS curve of the SW-graphene with
that of the CO/SW-graphene complex depicted in Fig. 3, it

Eg=032
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Fig. 5 Optimized structures of
CO/Si-graphene complexes and
their density of states (DOS).
Bonds are in A
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becomes clear that after the CO adsorption, a distinct change
is not observed in the E, of the sheet. The computed E, of the
SW-graphene and CO/SW-graphene complex is about 0.38
and 0.37 eV, respectively. The charge transferred between CO
and SW-graphene is very small (0.008 e), confirming the
insignificant change of E, of SW-graphene. The SW-
graphene is, therefore, not sensitive to the presence of CO
molecules. To overcome this weakness of pristine and SW-
defected graphene, we proposed to modify the electrical and
chemical properties of pristine sheet through doping impurity
atoms on P-graphene. Thus, we replaced one carbon atom of
P-graphene surface by silicon and aluminum atoms.

Silicon doping

We have observed that the silicon atom projects out of the
sheet and creates local deformation due to its larger covalent

Fig. 6 Optimized structures of
CO/Al-graphene complexes
and their density of states
(DOS). Bonds are in A
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radius (1.11 A) compared with carbon atom (0.77 A). The
deformation at silicon site shows all Si—C bonds are of 1.67
A and they are larger than C-C bonds (1.43 A) (Fig. 4a).
However, the planarity of the sheet is not affected by Si-
doping and hybridization of Si remained sp” similar to C
atom. Further, Mulliken population analysis shows that sil-
icon atom acquires positive charge of magnitude 0.238 e.
This shows that the charge is transferred from the silicon
atom to the vicinity carbon atoms. Such charge polarization
at dopant site (silicon atom) acts as an affinity center for
chemisorption of the CO molecules.

We have performed calculations to observe the interac-
tion of CO on Si-graphene and traced the most stable con-
figurations. However, only two local minima were obtained
upon the relaxation process (Fig. 5). Configuration S.1
stands for a weak van der Waals interaction between CO
molecule and the sheet. In this configuration, CO molecule
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Table 3 Adsorption energy (E.q

in kcal mol™!), HOMO energies Configuration Eaa “Qr (e Enomo ELumo E, bAEg (%)
(Eomo), LUMO energies
(ELumo) and HOMO-LUMO graphene - - —3.64 —3.53 0.11 -
energy gap of pristine systems in  (a) CO/graphene -1.67 ~0.004 -3.68 -3.60 0.10 -9.1
eV at B97D level of theory (b) CO/graphene -1.51 ~0.002 -3.67 ~3.74 0.11 0.0
(c) CO/graphene -1.31 0.000 -3.75 -3.84 0.10 -9.1
3Qr is defined as the total Mul- (d) CO/graphene —-1.16 0.000 -3.63 -3.52 0.11 -0.0
liken charge on the molecule (e) CO/graphene -1.02 0.001 ~3.69 -3.79 0.10 9.1
°Change of E, of pristine (f) CO/graphene -0.79 0.000 -3.78 -3.65 0.10 -9.1

graphene after CO adsorption

from its carbon atom was located atop of Si atom and its
corresponding calculated E,4 value (Table 2) is about
—4.77 kecal mol'. As shown in Fig. 5b, the most stable
configuration of the CO/Si-graphene system (S.2) is that in
which the O atom of CO is close to Si atom with equilibrium
distance of 3.10 A. As shown in Table 2, the adsorption
behavior of CO is significantly different from that on the P-
graphene. The calculated E,4 in configuration S.2 is
—11.40 keal mol ™', which is larger by 10.84 kcal mol ™" than
that of CO interacting with P-graphene. It indicates that the
interaction of CO with Si-graphene is much stronger than
that with the pristine graphene. Its E,4 value is also more
negative than E,q between CO and SW-graphene.

It has also been found that the Si-graphene undergoes an
obvious distortion upon CO adsorption (Fig. 5b), so based on
the NBO analysis, the adsorbing Si atom is transformed from
sp® hybridization to sp>. Calculated DOS of Si-graphene is
shown in Fig. 4a, indicating that its E, value is slightly
increased to 0.26 eV compared to the P-graphene. However,
the CO adsorption on this doped-system has insignificant
effect on the E, values of Si-graphene (Table 2). The comput-
ed AE, percentage for configurations S.1 and S.2 is 3.8 % or
0.0 %, indicating that substitution of C by Si atom cannot
notably change the sensitivity of the sheet.

Aluminum doping

When the carbon atom was replaced by an Al atom, the
structure around the adsorbed site wad significantly changed.

Asitis known, an Al atom has one less valence electron than a
C atom and its doping processes yield a p-type semiconductor.
As shown by panel b in Fig. 4, the geometric structure of P-
graphene was dramatically distorted, where the impurity Al
projects out of the sheet due to its larger size than C atom. The
calculated bond lengths are 1.84 A for the neighboring Al-C
bond in the doped sheet which is much longer than the
corresponding C-C bonds in the pure sheet. Also, the C-Al-
C angle in the doped sheet is 114° which is smaller than C—C—
C in the pristine sheet (120°), which the NBO analysis sug-
gests can be attributed to the change of doped site hybridiza-
tion from sp® to nearly sp’. Subsequently, we have explored
CO adsorption on the Al-graphene by locating the molecule
above the Al atom with different initial orientations including
O or C atom of the molecule being close to Al.

After careful relaxed optimization of initial structures
similar to Si-graphene sheet, two final stable structures were
obtained. The most and second most stable adsorption struc-
tures are shown in Fig. 6, where the C and O atom of CO is
close to Al atom of the sheet (namely A.1 and A.2 config-
urations, respectively). As shown in Table 2, the adsorption
behavior of CO is significantly different from that on the Si-
graphene. The calculated adsorption energy of CO from C
head (as most stable configuration (A.1)) is —13.75 kcal
mol ', which is more exothermic by 2.35 kcal mol ' than
that of CO interacting from its O head with Si-graphene (as
most stable configuration (S.2)). Since Al has one electron
less than carbon, the Al-graphene is an electron-deficient
system. When the CO atoms are adsorbed on the Al-

Table 4 Adsorption energy (E.q

in kecal mol "), HOMO energies Configuration Eaq “Qr (lel) Enomo ELumo Eg bAEg (o)
(Exomo), LUMO energies
(ELumo) and HOMO-LUMO SW-graphene - - -3.43 -3.39 0.04 _
energy gap (E,) of modified CO/SW-graphene -7.38 -0.011 -3.32 -3.28 0.04 0.0
fﬁesgerryns ineVat BY7D level of ;i o1aphene - - 3.6 -3.64 0.03 -
S.1 -11.30 0.034 -3.52 -3.51 0.01 -33.3
S.2 -14.28 0.030 -3.71 -3.69 0.02 0.0
3Qq is defined as the total Mul- Al-graphene - - -3.78 -3.33 0.45 -
liken charge on the molecule Al ~26.89 0.155 -3.72 -3.48 0.24 ~46.6
°Change of E, of modified A2 ~19.65 0.104 -3.81 -2.67 1.14 +153.3

graphene after CO adsorption
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graphene, there will be large electron transfer from the CO
molecule to the Al-graphene, which makes the CO molecule
more strongly bound than Al-graphene.

Furthermore, for investigating the change of electronic
structures in modified graphene caused by the adsorption of
CO molecule, the net charge transfer (Q) between the sheet
and molecule is calculated by Mulliken analysis. Q=0.029 e
in the CO/Si-graphene complex and is larger than Q=0.008
e in the CO/SW-graphene complex. The result reveals that
the Si doping leads to a relatively strong binding interaction
between the CO molecule and the graphene surface. As
listed in Table 2, Q=0.201 e in the CO/Al-graphene complex
is one order larger than 0.029 e in the CO/Si-graphene
complex, which is in accordance with their E,q.

Calculated DOS of Al-graphene is shown in Fig. 4b, indi-
cating that its E, value is reduced to 0.32 ¢V compared to the
P-graphene. It should be noted that, herein, the E, also stands
for singly occupied molecular orbital (SOMO)/LUMO energy
gaps for the open shell systems. After CO adsorption in
configuration A.2 valence level shifted to higher energies
(—2.98 eV) compared to the bare Al-graphene (—3.67 eV) so,
the E, of sheet increased from 0.32 to 1.19 eV (Fig. 6b). It is
well known that the E, (or band gap in bulk materials) is a
major factor determining the electrical conductivity of a ma-
terial and there is a classic relation between them as follows
[28]

—F
o o< exp (ﬁ) , (2)

where o is the electrical conductivity and k is the Boltzmann’s
constant. According to the equation, larger E, at a given
temperature leads to smaller electrical conductivity. The con-
siderable change of about 272 % (Table 2) in the E, value
demonstrates the high sensitivity of the electronic properties
of Al-doped graphene toward the CO adsorption on its sur-
face. To summarize, we have demonstrated that the tunable E,
of up to = 1.19 eV can be engineered in graphene by the
controlled adsorption of CO molecule to the surface of Al-
doped graphene.

Finally, we have explored the effect of method on the
obtained results. The dispersion term to the total energy may
give a non-negligible contribution, especially in the calcula-
tion of the physisorption processes. Therefore, we have re-
peated all of the energy calculations, using semiempirically
dispersion corrected functional B97D [29] with the same basis
set. The results have been summarized in Tables 3 and 4,
showing that the E,q values of B97D are somewhat more
negative than those of the B3LYP, especially in the cases of
CO adsorption on the pristine graphene. It may be due to the
fact that the B97D includes dispersion interactions. Interest-
ingly, it was found that the E, values strongly depend on the
type of functional method. As seen in Table 3, the B97D

significantly underestimates the E, value (in comparison with
B3LYP) so that that it is about 0.11 eV for pristine graphene
which is noticeably lower than the value of B3LYP. However,
the results of B97D also confirms the main finding of this
research that the tunable E, of up to = 1.14 eV (Table 4) can
be engineered in graphene by the controlled adsorption of CO
molecule to the surface of Al-doped graphene.

Conclusions

Adsorption of CO molecule on the pristine, SW-defected
Al- and Si- doped graphenes was investigated using DFT
calculations. It is found that CO molecule is weakly
adsorbed on the P- and SW-graphenes with large separation.
The electronic properties of the P- and SW-graphenes were
slightly changed upon the adsorption of CO molecule. In
contrast, the CO molecule shows strong interactions with
the Al- and Si- doped graphenes. The significantly increased
thermodynamic favorability and charge transfer of CO on
the Al-graphene are expected to induce significant changes
in the electrical conductivity of the sheet. Here, we demon-
strate the existence of a large E, opening of 0.87 eV in
graphene, induced by Al-doping and CO adsorption.
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