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Abstract

The effect of the non-covalent functionalization of single-walled carbon nanotubes (SWNTs) and
graphene with imidazole is evaluated using Density Functional Theory (DFT) with the aim of
improving the CO> detection. Both metallic and semi-conducting SWNTs are investigated. The
interaction of imidazole ring with different carbon nanomaterials is analysed, as well as the
adsorption of COz before and after the surface functionalization process. The binding energies,
the energy bandgaps, the Fermi levels, and the charge transfer process have been computed for all
the possible fragments and for the total interacting systems. The functionalization of SWNT(8,0)
and graphene by an imidazole ring increases the stability of COz physisorption and improves the
positive charge transfer from CO: to the carbon material, confirming that such functionalization

can be a viable strategy for CO2 detection.
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1. Introduction

The detection of air pollutants and toxic gases such as carbon monoxide (CO), nitrogen oxide
(NO), ammonia (NH3), carbon dioxide (CO2), and sulfur dioxide (SO:) is a very important
challenge to be solved'. CO; is a colorless and odorless gas, used in a wide range of applications
including pharmaceutical, agricultural, cosmetics and food industries?. It is among the most
dangerous and prevalent greenhouses gases emitted. Moreover, extended exposure to high CO;
concentrations can cause serious risks to human life eventually resulting in unconsciousness and
death due to suffocation. Several alternative sensors have been investigated to detect CO2 such as
optical sensors® 4, electrochemical sensors’, and polymer-based sensors®. All these systems show
a high sensitivity to CO> down to the low concentrations. However, each has its drawbacks and
limitations, with the most common being excessive price and high power-consumption, and,
sometimes, high operating temperature. Frequently those sensors are complex and bulky’.
Consequently, development of a new generation of highly sensitive and selective gas sensors to
detect CO> at room temperature is required. Furthermore, there is a growing need to develop

accurate and reliable sensors that can operate in wide ranges of temperatures and pressures.

Recently, carbon based nanomaterials such as graphene and carbon nanotubes (CNTs),
attracted significant interest, due to their unique physical, chemical and mechanical properties®: *
10. 11 These properties make them promising candidates for a wide range of applications in

12, 13

science and engineering . The most common one is environmental sensing due to their large

surface-to-volume ratio as well as high electrical conductivities and a low electrical noise'*.
Carbon nanomaterials have been found to be sensitive towards different gas molecules!>: 16,
However, these materials show weak responses and low selectivity toward specific gas molecules
due to the weak interaction between them and specific molecules. Various strategies have been
studied to enhance the sensitivity and selectivity of sensors based on carbon nanomaterials to

specific gases. One such strategy is functionalization by chosen chemical species.

Surface functionalization of the sensor-based nanomaterials is often used to improve the
selectivity and sensitivity towards the targeted gas'’. The chemical sensing mechanism is related
to the question of how gas/molecular species interact with the functionalized nanomaterials and
how this interaction affects their electrical properties. Therefore, the choice of the chemical

entities used for the functionalization is critical, because the newly added chemical functionality
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should not only provide additional properties to be used in sensing, but it also should not disturb

the intrinsic electrical properties of carbon nanomaterials.

The chemical functionalization can be carried out by non-covalent and covalent approaches'®
19,20, 21, 22, 23 The latter involves a chemical link between the nanomaterial and a specific
functional group that guarantees strong and stable interactions. However, it destroys the extended
n-system of nanomaterials, which adversely affects their electrical properties. An efficient
strategy is to design hybrids between nanomaterials and the chemical modules through non-
covalent assembly, often through n-m interactions?® 2°. In such a case, the intrinsic charge
transport properties are unaffected or only slightly affected. The non-covalent functionalization
of carbon nanomaterials has been demonstrated with different kinds of functionalization groups,
either organic or inorganic, such as polymers®®, metallic nanoparticles’’, porphyrins®® 29,

phthalocyanines®® and enzymes?'.

Among the most exciting candidate molecules are imidazole and its derivatives that occupy a
unique place in the field of CO, capture and storage®’. The N-heterocyclic compound presents a
peculiar structure with a small conjugated ring. Furthermore, imidazole derivatives can combine
with different receptor systems through diverse weak interactions due to the presence of an
electron-rich feature in its structure. These molecules have been investigated as promising agents
in various applications, among them electrochemical sensors®3, gas sensors* and catalysis®.

N. Garg et al. * reported the sensitivity of a composite of the zeolite imidazole framework
and reduced graphene oxide towards NHs. They showed that developed sensor is sensitive and
selective to NH3 gas. Furthermore, they demonstrated that these devices are reproducible and

1. 36 produced

offer a stable response against humidity and some other volatile compounds. Li et a
single-walled carbon nanotubes (SWNTs) chemoresistive sensors functionalized with
imidazolium-based ionic liquids. They demonstrated that the functionalized SWNTs sensors
exhibit a very low detection limit toward CO> down to 50 ppm at room temperature compared to
that of pristine SWNTs sensors. They also investigated the selectivity of response to different
gases and showed that the sensor is highly selective and resistant to the interference of relative

humidity.



The present paper is devoted to the study the effects of the non-covalent functionalization of
carbon nanomaterials by imidazole in a view to improve the detection of CO> by carbon
nanomaterial-based sensors. This detection is based on the variation of the electronic properties
of the material. Two types of SWNTs (metallic and semi-conducting) and graphene have been
compared to evaluate their respective performances. Periodic ab initio calculation is the perfect
tool to determine the change of the electronic properties of extended periodic nanomaterials such
as graphene or carbon nanotubes with respect to functionalization and to gas capture. The use of
Bloch functions expanded as linear combinations of atom-centered Gaussian functions allows
one to correctly describe all the electrons of the system: both those of the material and the

molecules.

2. Computational Methods

Restricted periodic Density Functional Theory (DFT) calculations (closed shell) were applied
using the CRYSTALI17 code’’, in order to obtain the optimal geometries and electronic
properties of graphene/SWNTs, graphene-imidazole/SWNTs-imidazole, and graphene-imidazole-
CO2/SWNTs-imidazole-CO», respectively. An advantage of CRYSTALI17 is the treatment of 2D
slabs without considering the periodicity perpendicular to the surface. Graphene was modelled as
5 x 6 supercell (60 atoms), SWNT(8,0), SWNT(5,5) with supercells of 3 x 3, 6 x 6 (96 and 120
atoms), respectively. The PBEO functional®® has proved to be well adapted for describing semi-
conductor extended systems®® and PBE* is suitable for graphene*! 4> 43, PBEO and PBE
calculations have been performed for the SWNT(8,0) and SWNT(5,5) systems, respectively.
Furthermore, in order to better compare the graphene and SWNTs results, the graphene was
modelled using both PBE and PBEQ. These functionals have the advantage of being non-
empirical and parameter free. The carbon, nitrogen, hydrogen and oxygen atoms of all systems
have been described by the all electron pob-TZVP basic set**. For all the geometrical
optimizations, the long-range van der Waals interactions were taken into account with D3 semi-
empirical correction by Grimme combined with Becke-Johnson damping D3(BJ)*. This
correction improves the long-range electron correlation of DFT functionals, essential in the
description of the long-range interaction between all fragments of this work. It has been checked
that this basis set associated to PBEO-D3 and PBE-D3 allows to correctly reproduce imidazole,

CO», imidazole-CO: structures and their interactions. In this paper, the Fermi levels for these
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molecular systems are determined as the highest occupied molecular orbital (HOMO) energy

levels.

The selection of the k sampling is essential in order to have a good description of graphene and

SWNTs 4. 6, 7 and 74 k vectors have therefore been employed to model the free SWNT(8,0),
SWNT(5,5), and graphene, respectively. For the geometry optimizations and the evaluation of the
Fermi energies, the 12 x 12 Monkhorst-Pack/Gilat grid of k-points was applied to represent the
Brillouin zone for graphene and SWNT(S5,5), and the 10 x 10 grid for SWNT(8,0) including 2D
systems. For state densities (DOS) and band structures, denser grids of 50 x 50 and 12 x 12 were

used for SWNTs and graphene, respectively. The band structure for graphene system is described

on the reciprocal path of the Brillouin zone I'-M-K-I" where " = (0,0,0), M = G, 0,0), K=

G, é , 0), and for SWNTs systems on I'-K where K = g, and a is the lattice parameter.

The Self-Consistent Field (SCF) energy convergence of SWNT(8,0) systems was achieved using
LEVSHIFT 10 1. The truncations of the coulomb and exchange terms were controlled by five
thresholds: 11,11,11,15 and 30. For SWNT(5,5), the default value of the truncation tolerances
was used (see CRYSTAL manual in Ref.*” for exact details). For systems that include graphene,
the SCF energy convergence is achieved using Anderson quadratic mixing. The Fermi surface is
smeared with a Gaussian of 0.005 Hartree for graphene and SWNT(5,5) systems. In all our
calculations FMIXING 20 has been used and the SCF energy threshold values have been set to
107 (default value), 10°, and 10° Hartree for SWNT(8,0), SWNT(5,5), and graphene,
respectively. The net charge transfer (Aq) was calculated using the Mulliken population

analysis*®.

The binding energy was calculated for each interacting structure taking into account the basis set
superposition error (BSSE) using counterpoise (CP) corrections*> ° and the geometrical

distortion:
E,=Ef — (Ef +ER) — (Ef* +ES*) + (E& + Ep-) (1)

where EJZ is the energy of the AB complex at its equilibrium geometry using the total complex

basis set, ab; Ef is the energy of the isolated A fragment at its equilibrium geometry (idem for B)



using the fragment basis set, a. E /‘f*b is the energy of the A fragment at the equilibrium geometry
in the AB complex using the total complex basis set, ab with B "ghost" massless atom (idem for
B) ; E4: is the energy of the A fragment at the equilibrium geometry in the AB complex (idem for

B) using the fragment basis set, a.

The total density of states (DOS) of all the systems have been computed using PBE and/or PBEO
functionals. In order to highlight the contribution of each constituent of the complexes, the
molecular orbitals of the molecular fragments (imidazole and CO;) have also been computed at
the equilibrium geometries using GAUSSIAN code 3'. The same computational methods and
basis set have been employed, i.e. PBEO-D3BJ/pob-TZVP and PBE-D3BJ/pob-TZVP. The
Multiwfn software 32 was used, with adjustment of the scale ratio for the DOS curve at 130/200

eV and a gaussian broadening with full width at half maximum (FWHM) at 0.100 eV.

3. Results and Discussions

3.1 Carbon nanomaterials

As the first step, structural parameters such as bond lengths of graphene, SWNT(5,5), and
SWNT(8,0) were investigated using the DFT methods. Figure 1 shows the zigzag SWNT(8,0)
and armchair SWNT(5,5) geometric structures. Two different types of bonds are identified in
SWNTs: the dc.c) nanotube axis and the dc.c() nanotube circumference. The fully optimized

structural parameters are reported in Table 1.

Zigzag: SWNT(E.0) Armchair: SWNT(5.3)

Figure 1: Geometries of the zigzag SWNT(8,0) nanotube and of the armchair SWNT(5,5) nanotube with
two types of bonds: the dc.c ;) nanotube axis and the dc.c () nanotube circumference.



Table 1 summarizes the comparison between experimental values, previous works and optimized
parameters of zigzag (8,0), armchair (5,5) SWNTs, and graphene, i.e. the C-C bond length (A),
the lattice parameter a (A), the diameter d; (A), and the band gap Eg (eV). According to the results

presented in Table 1, the dc.c bonds are elongated in SWNTs compared to the graphene. For the
graphene, the dc.c length computed by the PBE-D3/pob-TZVP method is the closest to the

experimental value.

The armchair SWNT(5,5) and graphene present a zero energy bandgap (Eg = 0 eV), unlike the

zigzag SWNT(8,0). The PBEO functional has been shown to provide the most accurate value of
the band gap for SWNT(8,0), compared to the experimental value. This functional combines PBE
generalized gradient functional and Hartree-Fock (HF)? exchange with predefined coefficients®.
It has been shown previously that the inclusion of the exact HF exchange compensates the error
of fractional electron occupations®*. For SWNT(8,0), the PBE and PBEO lead to different results,
55, 56, 57, 58

especially for the values of the energy bandgaps as expected from previous studies

However, the PBEO functional gives Eg= 1.570 eV using the pob-TZVP basis set, similar to the

experimental value of 1.598 eV>% %0, Both functionals give a SWNT(8,0) diameter in agreement
with the experimental value™.
Table 1: Comparison of the parameters of graphene and zigzag (8,0), armchair (5,5) SWNTs: C-C bond

length (dc.c oof graphene, and dc.c (a tohe nanotube axis, dc.c () the nanotube circumference of SWNT's (A)),
diameter d; (A), lattice parameter a (A), band gap (eV).

System Methods Bond lepgth di (A) a(A) Eg (eV)
dc.c(A)
dc-c | dece

Graphene [PBE-D3/pob-TZVP 1.420 2.460 0
PBEO-D3/pob-TZVP 1.411 0 2.444 0
Exp ® 1.420 2.459 0

SWNT(5,5) PBE-D3/pob-TZVP 1.423 | 1.424 6.849 2.459 0.000
PBEO-D3/pob-TZVP 1.414 | 1.414 6.810 2.443 0.000
B3LYP/6-1111G(d) * 1.423 | 1.432 6.877 2.458 -
PWO91 % 1.423 1.427 6.780 2.456 0.000
B3LYP 5.570 2.470 0.000

SWNT(8,0) PBE-D3/pob-TZVP 1.414 | 1.430 6.351 4.256 0.583
PBEO-D3/pob-TZVP 1.404 | 1.421 6.310 4.227 1.570
B3LYP 6.410 4.260 1.283




B3PW/6-1111G(d)
PBE ¢

PW91 &
LDA(GW)*

GW 65

COHSEX ®
Katura’s diagram ©’
Exp 59 60

1.412

1.433

6.350

6.260

6.340

4.248

1.304
0.566
1.200
0.5 (1.80)
1.750
1.780
1.990
1.598




3.2Imidazole-CO;

For a better understanding of the interaction of CO; molecules with imidazole, a complete study
of all the possible interactions between both molecules has been made following Ref.%8. This step
allows us to verify that the CRYSTAL code calculations well reproduce DFT results obtained
with a non-periodic code. Three equilibrium structures have been found, denoted in this paper
Im-CO; [, Im-CO; II, and Im-CO; III. Two structures result from a n-type stacking interaction:
the first one, denoted Im-CO> I (see Figure 2), corresponds to an in-plane global geometry of the
imidazole-CO> complex, with the CO2 carbon atom in front of the H-free nitrogen atom of
imidazole. The second one is denoted Im-CO; II (see Figure 2) and is an out-of-plane
organization in which the CO; carbon atom is located above the C-C bond of the imidazole cycle.
The third structure, Im-CO> III (see Figure 2), presents an interaction between one of the CO>
oxygen atoms and the hydrogen atom of the imidazole amino group, forming a c-type hydrogen
bond. The binding energies for these three geometries were calculated and compared with
previously published results (see Table 2). Data presented in Table 2 indicate that PBEO-D3/pob-
TZVP and PBE-D3/pob-TZVP values are similar. The inclusion of the Grimme’s dispersion term
is very important for an accurate description of the imidazole and CO; interaction and our results
are within the same order of magnitude as the previously calculated values % . To the best of
our knowledge, there is no experimental data available for the imidazole-CO; system. The most
stable geometry is Im-CO; I, with Ep = 20.58 kJ/mol and a minimum distance of dm = 2.68 A
between the fragments with the PBEO-D3/pob-TZVP method, favored by a weak electron donor-
acceptor mechanism from imidazole towards CO, through the interaction between the carbon
atom of CO2 and the nitrogen atom of the heterocycle. The Im-CO; II structure is more stable

than the Im-CO» I1I one.



Table 2: Comparison of binding energies, Ep (kJ/mol), using Equation (1), and minimal distance, dm (10\),
calculated at PBEO-D3/pob-TZVP and *PBE-D3/pob-TZVP levels of theory and compared with previous
works %% The geometrical structures are shown in Figure 2.

System Ep (kJ/mol) | Ep? (kJ/mol) | dm (A) du® (A)
Present Previous Present work Previous
work works works

Imidazole-CO, (Im-CO: I) -20.58 -20.23 2.68 2.78

Imidazole-CO;, (Im-CO; I)* -19.65 2.66

Imidazole-CO, (Im-CO, II) -10.45 -14.36 3.00 3.09

Imidazole-CO; (Im-CO; II)* -10.49 -11.10¢ 2.99

Imidazole-CO, (Im-CO, III) -9.33 -9.65 2.16 2.13

Imidazole-CO, (Im-CO; III)* -9.16 -030¢ 2.16 2.26¢

*CCSD(T)-F12/VTZF12+ BSSE %, ®MP2/aug-cc-pVTZ %, ¢ PBE-D3/aug-cc-pVTZ ¥
3.1CO:-imidazole interacting with carbon nanomaterials

The geometries of all systems have been fully optimized. First, the possible interactions of CO2
with surfaces of the carbon nanomaterials, before functionalization, have been studied. For the
CO: adsorption on graphene and SWNTs surfaces, the most stable structures are of m stacking
type and are labeled as graphene-CO, (G-I), SWNT(5,5)-CO, (55-I), and SWNT(8,0)-CO- (80-I) in
Figure 2. To improve the selectivity of SWNTSs and graphene to the CO» detection, non-covalent
functionalization of the carbon nanomaterials with the imidazole molecule have been performed.
In all optimized structures, the imidazole is parallel to graphene and SWNTs surfaces due to m-
stacking interactions. Next, the adsorptions of the COz molecule in functionalized SWNTs and
functionalized graphene have then been studied. In order to obtain the most stable structure of
adsorbed CO: on the functionalized graphene (graphene-imidazole G-II complex), various types
of initial adsorption geometries have been considered. Three optimized organizations of CO»-
imidazole on the surface of graphene have been identified, corresponding to the three possible
interacting structures between imidazole and CO: fragments discussed in the previous sub-
section. They are labeled in this paper as G-1II, G-IV, and G-V, respectively. Unlike graphene,
only one structure is possible for each type of SWNTs between the SWNT-imidazole complex
and COz. The interaction of imidazole with the SWNTs surface depends on the SWNT structure
(zigzag or armchair). The interactions between SWNTs-imidazole (SWNT(5,5)-imidazole 55-11
and SWNT(8,0)-imidazole 80-II complexes) with CO2 molecule are of n-type, with a stacking
structure for SWNT(5,5)-imidazole 55-II1 and an in-imidazole-plane one for SWNT(8,0)-

imidazole 80-1III, respectively (see Figure 2).
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Im-CO»1 Im-CO. 11 Im-CO, 11

G-1 G-II G-1II
G-IV G-V 55-1

55-11 55-110 80-1

80-1I 80-11I

Figure 2: Optimized geometries and minimal distances between the fragments at the PBEO-D3/ pob-TZVP
and PBE-D3/pob-TZVP (for SWNT(5,5) including systems only) levels of theory.
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The binding energies (Ep in kJ/mol) and minimal distances (dm in A) for all systems have been
computed and given in Table 3. For graphene, the PBE and PBEQ values are very close. The
interactions of COz and imidazole molecules with the surface of graphene are slightly more stable
than with the SWNTs surfaces. The present results are in agreement with LDA for SWNT(5,5)-
COg, and with PW91 and rev-vdW-DF2 for graphene-CO., in agreement with the fact that PBE-
D3 and vdW-DF2 give accurate equilibrium distances and binding energies for rare gas atoms
interacting with graphene’®. Experimentally determined binding energy is only available for CO,
on graphene/SiC(0001), and is about 10 kJ.mol™! larger than our values. This discrepancy could
be due to the presence of SiC(0001) substrate that could bring some additional interactions with
COz. For all carbon materials, imidazole is more strongly adsorbed than CO,. The minimal
distances for the CO; adsorption on the different surfaces are around 3 A, whereas this distance is

about 2.7 A for the imidazole adsorption.

For G-IIT and 80-III systems, the distance between CO> and imidazole is larger than in the
corresponding isolated imidazole-CO; systems. In these structures, both CO; and imidazole
interact with the surface of graphene/SWNT(8,0) (see Figure 2). For G-1V, G-V, and 55-111, the
distances are slightly shorter than in imidazole-CO2 (Im-CO: II and Im-CO, III).

The binding energy of CO: to functionalized graphene or SWNT(8,0) is larger than to
corresponding pristine carbon nanomaterials. In both systems, the most stable organization, G-III
or 80-III, corresponds to an optimized geometry where CO: is located with respect to imidazole
as in Im-COx; I, the most stable Im-CO, conformation (Ey, = -20.58 kJ/mol, see Table 2). G-IV
and 55-1III correspond to global n-stacking organizations with no increase of the binding energy
of COz after functionalization. In structure G-V, imidazole and CO; form a c-type hydrogen bond
on the surface of graphene. This structure corresponds to the strongest binding of the imidazole-
CO2 complex with all the carbon materials studied in the present work, Ep = -34.71 kJ/mol. The
interaction between isolated imidazole and CO; in Im-CO, III has the lowest binding energy (Ep =
-9.33 kJ/mol), such that both CO» and imidazole can interact more with the graphene surface than
between each other (see Tables 2 and 3). For this geometrical arrangement, the binding of the gas

molecule is only slightly increased by the functionalization.
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Table 3: Comparison of binding energies, Ep (kJ/mol), using Equation (1), and minimal distance, dm (10\),
calculated at the PBEO-D3/pob-TZVP (for SWNT(8,0) and graphene including systems) and *PBE-
D3/pob-TZVP (for SWNT(5,5) and graphene including systems) levels of theory. The geometrical
structures are shown in Figure 2.

System Es (kJ/mol) Eb (kJ/mol) | dm (A) | dm (A)
A-B or A-B-C A+B or (A+B)+C | A+(B+C) A+B B+C
Graphene-CO; (G-I) -14.38 3.02
Graphene-CO, (G-1)* -14.08 3.02

PW91 " -13.12

rev-vdW-DF2 7 -15.9

vdW-DF172 243 3.4
optB86b-vdW 7 -24.7 32

Exp (graphene/SiC(0001)) ™ 264 +1.5

Graphene-imidazole (G-1I) -19.78 2.77
Graphene-imidazole (G-II)* -19.14 2.73
Graphene-imidazole-CO, (G-III) -31.38 -30.13 2.88 2.76
Graphene-imidazole-CO, (G-1I1)* -29.95 -27.97 2.84 2.73
Graphene-imidazole-CO; (G-1V) -11.98 -22.15 2.79 2.98
Graphene-imidazole-CO; (G-IV)* -11.80 -20.77 2.76 2.96
Graphene-imidazole-CO, (G-V) -20.15 -34.71 3.07 2.10
Graphene-imidazole-CO, (G-V)* -19.21 -35.84 3.06 2.10
SWNT(5,5)-CO; (55-D* -11.75 2.99

LDA " -10.52

SWNT(5,5)-imidazole (55-1I)* -14.50 2.74
SWNT(5,5)-imidazole-CO, (55- | -11.07 -15.41 2.75 2.97
III)*

SWNT(8,0)-CO- (80-I) -11.43 2.95
SWNT(8,0)-imidazole (80-1I) -15.57 2.63
SWNT(8,0)-imidazole-CO, (80-I1I) | -26.85 -19.93 2.81 2.87

* PBE-D3/pob-TZVP

The graphene displays a semi-metallic character with a linear dispersion of valence and
conducting bands at the Fermi level, SWNT(8,0) also displays semi-conducting properties,
whereas SWNT(5,5) has a metallic character. To investigate the changes in the electronic
structures of graphene and SWNTs caused by the adsorption of molecules on their surfaces,
Fermi levels (Erf in eV) and energy bandgaps (Eg in eV) have been computed and reported in
Table 4. The charge transfers (Aq) between fragments have also been determined using a
Mulliken analysis and the values are given in Table 5. The physisorption should impact the
electronic levels of both the material surfaces and the adsorbate’. The adsorption of the
molecules on the surface of graphene and SWNT(5,5) does not open up the gap between the
valence band and the conduction band, indicating that the molecule adsorptions induce only weak

perturbations on the electronic structures of the carbon nanomaterials. For semi-conductor
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SWNT(8,0), Eg increases only by 0.0012 eV with the CO2 adsorption and decreases by 0.0097
eV with the functionalization of SWNT(8,0) by imidazole. The weak variations of the bandgap
result from the high HOMO-LUMO energy differences in the molecules, i.e. 11.7521 eV and
7.7999 eV for the equilibrium geometries of CO> and imidazole, respectively. The more
significant HOMO-LUMO difference of CO; involves a weaker bandgap variation of the global
CO»-adsorbed system.

According to the variations of the bandgaps, of the Fermi levels, and the charge transfers of the
different systems, 1i.e. graphene/SWNTs, graphene/CO2, graphene/SWNTs-imidazole,
graphene/SWNTs-imidazole-CO., the effect of the adsorption of molecules on the electronic
structures of the material is confirmed to be weak. However, variations have been analyzed. The
Fermi levels are systematically downshifted after each molecule adsorption onto the graphene or
SWNTs surfaces, as can be seen in Table 4. The variation of the Fermi levels has also been
plotted in Figure 3 to show the variation of the Fermi levels upon the adsorption of CO»,
imidazole and imidazole-CO; complex onto the graphene/SWNTs surfaces. The downshift is
more important in graphene systems than in SWNTs ones. It results in electron transfer from the
carbon nanomaterials towards the adsorbed molecules (see Table 5). When the Fermi level
decreases upon the molecule adsorption onto the graphene surface, the graphene gives electrons
to adsorbates. The graphene is p-doped and the molecule is electron acceptor. The result obtained

for CO; in agreement with previous work 7.

The difference in the Fermi level variations for three graphene-imidazole-CO; systems can be
understood using the analysis of the imidazole-CO, HOMO variations with geometrical
arrangements. In Im-CO,, the HOMO orbitals are mainly composed of imidazole-free HOMO
ones. In Im-CO> I and Im-CO; II, the HOMO energies decrease with respect to the free imidazole
HOMO energy (see Table 4), indicating that the adsorption of CO2 involves an electron transfer
from imidazole towards CO>. This is also confirmed by the charge values for the corresponding
systems, given in Table 5. The charge transfer increases with the decrease of the HOMO energy
level. It can also be noticed that the charge transfer is more efficient in the TeTT stacking bonding
type between imidazole and COz in Im-CO; II. In Im-CO; III, the situation is reversed. COz is
electron donor to imidazole and the electron transfer is weaker due to the particularity of the

hydrogen bond—type interaction. This results in a weaker upshift of the HOMO energy of 0.1613

14



eV and a net charge of 0.0046e in CO;. The Fermi level variations in the G-1II, G-IV, and G-V

graphene-imidazole-COz systems follow the same trends as in G-II graphene-imidazole system.

Table 4: Fermi levels, Er (eV), and bandgap energies, E; (eV) at the PBEO-D3/pob-TZVP and *PBE-
D3/pob-TZVP levels of theory. The geometrical structures are shown in Figure 2. For molecules, the
Fermi levels correspond to the HOMO energies.

System E: (eV) Et—Ef(0) (eV) | Es—Ef(II) (eV) | Eg(eV)
CO, -10.7252 - - 11.7521
COy* -9.0689 - - 8.6425
Imidazole -6.1671 0 - 7.7999
Imidazole* -5.0463 0 - 5.4592
Imidazole-CO, (Im-CO; I) -6.4060 -0.2389 - 7.7918
Imidazole-CO; (Im-CO, D* -5.3156 -0.2693 - 5.4451
Imidazole-CO; (Im-CO: II) -6.4921 -0.3250 - 7.6702
Imidazole-CO, (Im-CO, I)* -5.4012 -0.3549 - 5.2447
Imidazole-CO, (Im-CO; III) -6.0058 0.1613 - 6.3921
Imidazole-CO2 (Im-CO» III)* -4.8891 0.1572 - 3.8381
Graphene -3.4697 0 - 0
Graphene* -3.3652 0 - 0
Graphene-CO; (G-I) -3.5321 -0.0624 - 0
Graphene-CO; (G-D* -3.4326 -0.0674 - 0
Graphene-imidazole (G-II) -3.5976 -0.1279 0 0
Graphene-imidazole (G-1I)* -3.5007 -0.1355 0 0
Graphene-imidazole-CO, (G-III) -3.6311 -0.1614 -0.0335 0
Graphene-imidazole-CO, (G-III)* -3.5367 -0.1716 -0.0361 0
Graphene-imidazole-CO; (G-1V) -3.6768 -0.2072 -0.0792 0
Graphene-imidazole-CO, (G-IV)* -3.5892 -0.2240 -0.0885 0
Graphene-imidazole-CO: (G-V) -3.5944 -0.1247 0.0032 0
Graphene-imidazole-CO, (G-V)* -3.4972 -0.1320 0.0035 0
SWNT(5,5) (55-0)* -3.3141 0 - 0
SWNT(5,5)-CO, (55-1)* -3.3580 -0.0440 - 0
SWNT(5,5)-imidazole (55-1I)* -3.3519 -0.0378 0 0
SWNT(5,5)-imidazole-CO,  (55- -3.4038 -0.0897 -0.0519 0
1) *

SWNT(8,0) (80-0) -4.2250 0 - 1.5716
SWNT(8,0)-CO; (80-I) -4.2865 -0.0615 - 1.5728
SWNT(8,0)-imidazole (80-1I) -4.2754 -0.0504 0 1.5619
SWNT(8,0)-imidazole-CO; (80-II) |  -4.2982 -0.0733 -0.0228 1.5621

*PBE-D3/pob-TZVP
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The analysis of charge repartitions in G-III, G-IV, and G-V from Table 5 values confirms that the
graphene is p-doped, in agreement with the Fermi level variations. The charge variations from the
situation where COz is added to the graphene-imidazole system can be understood differently
depending on the interaction geometries between imidazole and CO,. For G-III and G-V, the
imidazole and CO> molecules are approximately in the same plane and both interact with
graphene in such a way that both can attract electrons from graphene. Only weak electron
transfers exist between the adsorbed imidazole and CO-. In the G-IV complex, the geometry (see
Figure 2) is such that COz interacts mainly with imidazole, and the final charge on COz is almost
identical to the CO charge in Im-CO; II. This result is coherent with the weaker binding energy
of CO; with graphene-imidazole in G-IV. Then, the graphene charge is almost invariant to the
CO> adsorption in G-IV unlike G-III and G-V for which the positive charge in graphene is
increased by ~0.6 e by the CO- presence (see Table 5).

Table 5. The net charge (Aq) from Mulliken analysis at the PBEO-D3/pob-TZVP and *PBE-D3/pob-
TZVP levels of theory. The geometrical structures are shown in Figure 2.

System Aq(A) () | AgB) (e) | Aq(C) (e)
Imidazole-CO; (Im-CO; I) 0.02703 -0.02703
Imidazole-CO, (Im-CO, I)* 0.03689 -0.03689
Imidazole-CO, (Im-CO, II) 0.04901 -0.04901
Imidazole-CO, (Im-CO; I1)* 0.05526 -0.05526
Imidazole-CO, (Im-CO, III) -0.00463 0.00463
Imidazole-CO, (Im-CO, II)* -0.00537 | 0.00537
Graphene-CO> (G-I) 0.08377 -0.08377
Graphene-CO» (G-)* 0.08784 -0.08784
Graphene-imidazole (G-II) 0.08485 -0.08485
Graphene-imidazole (G-II)* 0.08952 -0.08952
Graphene-imidazole-CO, (G-III) 0.14526 -0.05592 -0.08934
Graphene-imidazole-CO, (G-IIT)* 0.15167 -0.05260 -0.09907
Graphene-imidazole-CO, (G-1V) 0.09170 -0.04019 -0.05151
Graphene-imidazole-CO, (G-IV)* 0.09695 -0.03824 -0.05870
Graphene-imidazole-CO, (G-V) 0.15138 -0.07817 -0.07322
Graphene-imidazole-CO, (G-V)* 0.15700 -0.07944 -0.07756
SWNT(5,5)-CO5 (55-1)* 0.08428 -0.08428
SWNT(5,5)-imidazole (55-11)* 0.05139 -0.05139
SWNT(5,5)-imidazole-CO, (55-II)* 0.06063 -0.00361 -0.05703
SWNT(8,0)-CO, (80-1) 0.07669 -0.07669
SWNT(8,0)-imidazole (80-II) 0.06069 -0.06069
SWNT(8,0)-imidazole-CO; (80-I1I) 0.10525 -0.03125 -0.07400

*PBE-D3BJ/pob-TZVP
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For SWNT including systems, the variations of the Fermi levels with the imidazole adsorption
followed by the CO; capture, are in agreement with the charge transfers. For both SWNTs, the
adsorption of CO; after functionalization of the SWNTs by imidazole provokes a weak increase
of the amount of the positive charge on the SWNT and a lowering of the Fermi level. The
positive charge is larger in SWNT(8,0) than in SWNT(5,5) for the same geometrical reasons than
in graphene systems. The Fermi level lowering also follows the HOMO variations of imidazole

subject to the different CO> adsorption geometries.
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Figure 3. The variation of Fermi levels for: a) Graphene, graphene-CO,, graphene-imidazole and
graphene-imidazole-CO, at the PBEO-D3BJ/pob-TZVP level. b) Graphene, graphene-CO,, graphene-
imidazole and graphene-imidazole-CO, at the PBE-D3BJ/pob-TZVP level. ¢) SWNT(5,5), SWNT(5,5)-
CO,, SWNT(5,5)-imidazole and SWNT(5,5)-imidazole-CO, at the PBE-D3BJ/pob-TZVP level, d)
SWNT(8,0), SWNT(8,0)-CO,, SWNT(8,0)-imidazole and SWNT(8,0)-imidazole-CO, at the PBEO-
D3BJ/pob-TZVP level.

For completeness of the present study, the total density of states (DOS) of graphene, graphene-

CO., graphene-imidazole and graphene-imidazole-CO: for configurations (G-III), (G-IV) and (G-
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V) using PBE and PBEO are presented in Figures 4, SI 1, and SI 2 of the Supplementary
Information, respectively. For the SWNT(5,5)/SWNT(8,0), SWNT(5,5)-CO2/SWNT(8,0)-CO»,
SWNT(5,5)-imidazole/SWNT(8,0)-imidazole = and  SWNT(5,5)-midazole-CO2/SWNT(8,0)-
midazole-CO- the total DOS are shown in Figure 5. In order to highlight the contribution of each
constituent of the complexes, the molecular orbitals of the molecular fragments (imidazole and

CO2) computed at the equilibrium geometries have also been shown.
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Figure 4. Densities of states, DOS, of graphene, graphene-CO,, graphene-imidazole and graphene-
imidazole-CO,, (G-1II structure), a) at PBE-D3BJ/pob-TZVP level, b) at PBEO-D3BJ/pob-TZVP level. In
each figure, the Fermi level has been centered on 0. Projections of DOS for C p, from graphene, C, N and
O (p. and py orbitals) from imidazole+CO: are displayed in purple, blue, green, yellow and red.

To allow easily assign the present molecular orbitals in the DOS of the material, a shift (work
function) of the global molecular energy spectrum towards the DOS of the extended system was
applied. The Dirac points of graphene systems have been chosen as energy reference. The DOS

estimate of the gap is 0 eV for SWNT(5,5) and 1.56 eV for SWNT(8,0).
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For each system, the total DOS is projected onto the atomic orbitals (PDOS) and the
contributions of C (2p,/2py) of graphene/SWNTs and C, N and O (2p, and 2py/2px orbitals) of
imidazole-CO; are also plotted in Figures 4, 5, SI 1, and SI 2. The PBEO DOS peaks are more
separated than the PBE ones in agreement with the gap values obtained using both functionals
(see Tables 1 and 4). In Figures 4 and 5, the adsorption of imidazole on graphene and on SWNTs
causes apparition of new peaks in the DOS for energies lower than -1.5 eV and larger than 3 eV
with PBE. The first peak around -1.5 eV with PBE corresponds to the HOMO of imidazole. The
HOMO-1 orbital of imidazole (second peak towards the lower energies) corresponds to 2py
orbitals for (G-III) and to 2p, for (55-III) and (80-III). For symmetry reasons, these orbitals do
not interact with any orbitals of the materials. The shifting the DOS peak related to O towards the
Fermi level after the addition of CO2 onto the graphene/SWNTs-imidazole complexes confirms

the positive doping of functionalized materials.
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Figure 5. Densities of states, DOS, of a) SWNT(5,5), SWNT(5,5)-CO,, SWNT(5,5)-imidazole and

SWNT(5,5)-imidazole-CO, at PBE-D3BJ/pob-TZVP level, b) SWNT(8,0), NTC(8,0)-CO,2, NTC(8,0)-
imidazole and NTC(8,0)-imidazole-CO, at PBEO-D3BJ/pob-TZVP level. In each figure, the Fermi level
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has been centered on 0. Projections of DOS for C py from SWNTs, C, N and O (py and p; orbitals) from
imidazole+CO: are displayed in purple, blue, green, yellow and red.

4. Conclusions

The present study analyzes the effect of the adsorption of the CO> molecules on

carbon nanomaterials functionalized by imidazole. These carbon nanomaterials-imidazole
complexes have been chosen as simple prototypes of CO: sensors. The goal was to
explore the effect of imidazole as functionalizing molecule on possible improvement of
the COz detection.
Three types of carbon nanomaterials have been studied: semi-metallic (graphene), metallic
(SWNT(5,5)), and semi-conducting (SWNT(8,0)). For each case, the physisorption of
COz, imidazole, and imidazole-CO:z have been investigated by performing the geometry
optimization of all the structures, and by computing electronic properties (bandgap
energies, Fermi levels, Mulliken charges).

The main conclusions are: i) the results of the calculations with two different
functionals PBE-D3 and PBEO-D3 are similar; ii) physisorption lead to a p-doping of
carbon materials in all cases; ii1) the presence of imidazole on graphene and semi-
conducting SWNT(8,0) enforced the attachment of CO; and the creation of positive
charges in the materials. This result confirms that the functionalization is an excellent
strategy to improve the CO; detection with carbon nanomaterials.; iv) however, the
interactions between the molecules and the carbon nanomaterials are weak (less than 40
kJ.mol!) and the influence on their electronic properties is then also weak, confirming that
the non-covalent functionalization only slightly affects the electronic properties of the
material.

Trends are observed and have been analyzed. Two different complex geometries
have been found after the adsorption of CO: in functionalized nanomaterials. The first one
is an in-plane conformation of imidazole-CO: interacting with the carbon material as in
graphene-imidazole-COz (G-III and G-V) and in SWNT(8,0)-imidazole-CO.. These
spatial organizations are associated with larger binding energies and larger positive charge
on the functionalized material after CO> adsorption. The second one corresponds to a Tt

stacking type in graphene-imidazole-CO> (G-1V) and SWNTs(5,5)-imidazole-CO,, with

20



weaker binding energies and almost no variation of the positive charge on the
functionalized material after CO> adsorption. CO attachment induces weak variations of
the Fermi levels of graphene/SWNT-imidazole that follow those of the HOMO energies
of the imidazole molecule. The Fermi level lowering after CO> adsorption is larger for m-
stacking arrangements, i.e. in SWNT(5,5)-imidazole-CO and in graphene-imidazole-CO-
(G-1IV).

SWNT(8,0) SWNT(8,0)-imidazole SWNT(8,0)-imidazole-CO,
Functionalization CO, capture
Graphene Graphene-imidazole Graphene-imidazole-CO,

Figure 6. Schematic diagram of the functionalization of SWNT(8,0) a) and graphene b) by imidazole
followed by the CO..

Finally, Figure 6 summarizes the different steps which allow the creation of larger
positive charges on the functionalized carbon materials after the CO> capture. The most
successful imidazole-functionalized materials for CO: detection are graphene and
SWNT(8,0). The functionalization of semi-conducting nanotubes and graphene by
imidazole leads more favorably to a Trtype stacking geometry. This geometric
organization allows the CO: molecule to favorably attach itself to the H-free nitrogen
atom of imidazole. This fixing is accompanied by the creation of additional positive

charges in the carbonated material.
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