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Abstract

The electronic and adsorption properties of chevron and cove-edged graphene nanoribbons
(GNRs) are studied using first principles calculations. The positive binding and adsorption
energies in conjunction with the positive infrared frequencies insure the stability of the considered
GNRs. The results show that the binding strength of coved-edged GNRs is higher than that of
chevron ones because the morphology of the latter requires a higher number of C-atoms at the
edges than the former. The edge atoms in chevron GNRs create interactive edge states that
significantly decreases the energy gap (Eg=0.03 eV) with respect to the wide gap between bulk
states in cove-edged ones (Eg=2.19 eV). The molecular orbitals distributions of these edge states
are localized only on the arms of the nanoribbon making it a potential topological insulator. The
energy gap between bulk states in cove-edged decreases by increasing the width due to quantum
size effect, while in chevron GNRs the gap between edge states increases because of the interaction
among these states. The adsorption of methylene blue shows interesting properties depending on
the type of the nanoribbons, the interaction position, and the attached chemical group. The
interactive edge states provide moderate adsorption on the arms of the nanoribbons and the
attached chemical groups enhance the adsorption by adding new adsorption positions. The
additional molecular orbitals from the physically adsorbed dye lower the band gap and create
semimetal GNRs with zero or negative band gap.

Keywords: Extended chevron and cove-edged; Graphene nanoribbons; DFT; electronic and
adsorption properties; methylene blue adsorption.



1. Introduction

Graphene nanoribbons (GNRs) are quasi-one-dimensional structures of graphene that can be now
produced with the atomic precision in a great variety of forms and geometries [1]. The most
successful methods realize bottom-up synthesis on metallic substrate [2] or in solution [3,4]. The
two simplest geometries of GNRs with straight zigzag [5] and armchair [2,6,7] edges have been
obtained with atomic precision. Recently, several representatives of monolayer GNRs of zigzag-
shape class [8—11] have also been produced: Z60 [12], Z120 [13], A60 [14,15], A120 [16,17].

Graphene nanoribbons are famous for their spin-polarized edge states at the zigzag edges [18,19].
These states are ideal for applications in spintronics [20] and quantum computing [21]. The p,-
nature of edge states and high fraction of zero spin nuclei in host materials with up to 99 % of 12C
lead to a negligible hyperfine interaction eliminating the major source of decoherence [22]. It was
recently demonstrated that such edge states in functionalized atomically precise GNRs can be
coherently manipulated and they preserve coherence up to milliseconds at room temperature [23].

The edge states may be intimately related to topology. In this case, the existence of the edge modes
crossing the band gap in systems with edges is usually predicted by a topological invariant that is
calculated on the bulk states of the periodic system without edges. This is so-called bulk-boundary
correspondence principle [24—26]. The topological edge states characterized by Chern invariant
plays key role in integer quantum Hall effect [27,28]. Similar Hall conductance quantization can
be achieved with a zero average magnetic field in Haldane model [29]. It has been shown that the
graphene Hamiltonian accounting for the spin-orbit interaction reduces for each spin to Haldane
model. When spin-orbit interaction is included, the spin-filtered edge states localized at the
graphene zigzag edges becomes topological. As a result the quantum spin Hall effect [30,31] and
the quantum spin Hall phase can be distinguished from normal insulating phase by the topological
Z, invariant [32]. Zero chiral modes localized at the zigzag edges can also form under the locally
applied external electrostatic field and can be easily manipulated with the field [33]. These modes
are also of topological nature but they are characterized by different topological invariant called
valley-dependent topological charge [34] The topological charge is different from Chern number
or Z, invariant. The edge states due locally applied potential have been also reported for GNRs
with zigzag, armchair and bearded edges [35]. These states can coexist with topological edge
states due to the spin-orbit interaction. The primary technological interest in topological edge states
is that due to the absence of the back scattering they form ideal channels of ballistic conductance.
Such channels are not sensitive to impurities and disorder.

The topological description of the edge states is not always robust. The clear difference between
the bulk and edge states vanishes in non-Hermitian systems due to the non-Hermitian skin
effect [36,37] and new topological invariants are needed to characterize such systems. Similarly,
there is a problem with non-periodic structures [38]. The edge states are widely spread in quantum
dots. Such states have been reported in many 2D material based quantum dots: graphene [39-43],
silicene [43—45] and phosphorene [46—51]. However, due to the lack of periodicity and absence of
the Brillouin zone, the definitions of the standard topological invariants are not applicable.
Therefore, there is an ongoing effort to find an invariant defined in the real space that can be
applied to non-periodic and disordered systems [38,52].



Boundaries between distinct topological phases can host localized states that are very much like
edge states. Such boundaries can form at the interfaces between the two ribbons or between the
ribbon and the vacuum. In the latter case, the localized mode should appear at the ends of finite
length ribbon. The topological phases of 1D GNRs with straight edges have been theoretically
classified with Z, topological invariant [53]. It has been shown experimentally that interfaces
between different width armchair GNRs hosing in-gap localized states can be used for engineering
of one-dimensional bands in superlattices of GNR junctions [54]. Similar topological band
construction relying on Z, topological invariant has been demonstrated for a one-dimensional Su-
Schrieffer-Heeger model realized at the edges of the armchair GNRs [55]. On the other hand, the
in-gap edge states without clear topological origin have been detected at the zigzag ends of finite
length armchair GNRs [56].

The topological phases have been recently investigated for zigzag-shaped ribbons Z60 (cove-edge)
and A60 (extended chevron), and their junctions with straight zigzag and armchair GNRs [57]. As
in previous work [53], the topological properties are characterized there by Z, invariant. However,
as follows from the literature review above, the Z, topological invariant is not the only possible
invariant and, in principle, it does not allow one to predict the edge states with absolute certainty.
The edge states may exist but not be topological. From chemistry point of view, even non-
topological edge states can be of great practical use. For instance, they can increase the molecule
reactivity and facilitate sensor applications. In particular, the localized edge states related to
highest occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO)
determine the most probable areas of electrophilic and nuleophilic substitutions [58]. Recently, it
has been shown that A60 ribbons demonstrate enhanced sensing of low molecular weight alcohols
(methanol, ethanol) [14]. Such sensors possess impressive 1200% electrical response presumably
due to the enhanced edge adsorption of the molecules and the longer edge due to their peculiar
form. In the numerical analysis of Ref. [14], however, the A60 GNRs are treated as infinitely long
and periodic even though the distance between the electrodes of the sensor is larger than the length
of A60 GNRs. In this case, the question of finite-length effects arises, because, for instance, our
theoretical calculations for Z120 and A120 GNRs infer that the edge states should exists at the
ends of finite length zigzag-shaped GNRs Z120 [59].

It is the purpose of this paper to investigate in detail the electronic properties of A60 zigzag-shaped
GNRs using first principles calculations in search of peculiar edge states and enhanced adsorption
properties. In what follows, we show that despite being topologically trivial as characterized by Z,
invariant [57], the ends of the A60 supports robust edge states. Also, the energy gap between the
edge states in A60/Z60 GNRs increases/decreases with the GNR width. The selected GNRs show
strong capability to adsorb methylene blue dye on the edges and surfaces with high adsorption
energy and negligible deformation making them potential applicants in the field of wastewater
treatment.

2. Computational model

The present work uses density functional theory [60, 61] as implemented in Gaussian 16 [62] to
discuss the physical properties of chevron and cove-edged GNRs. The B3LYP [63,64] is employed
in our study as a well-tested hybrid functional that shows a good representation of the electronic
properties of C-based and similar 2D materials [65,66]. It is reported that the 3-21g basis set is
adequate in size for c-based 2D-materials when considering both computational power and
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accuracy [67,68]. For example, the energy gap of the simplest GNR considered here, A60-4-L4,
equals 0.0786 eV using the 3-21g basis set and equals 0.0784 eV using the 6-31g basis set. While
the computational time is one-quarter higher in the latter that increases even more in larger systems
or after interactions with MB, therefore we utilize 3-21g basis set in the calculations.

3. Results and discussion

We investigate the stability, electronic, and adsorption properties of finite chevron (A60) and cove-
edged (260, Z60R) GNRs. A graphical representation of the GNRs are shown in Fig. 1. Instead of
writing the full definition of GNRs, such as A60(3,3,3)L3, Z260(3,3,2.)L3, Z60R(4,4,2)L3, we
simply express them as A60-3-L3, Z60-2-L3, and Z60R-2-L3 where the first part represents the
GNRs type (chevron/cove-edged), the second is the width, and the third is the length. The
electronic properties are investigated by considering the density of states (DOS) and molecular

orbitals distributions. In DOS plots, each electronic molecular orbital( € ;)is represented by a
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set to zero, Er= (EgomotELumo)/2. The application of GNRs in the field of wastewater treatment
are investigated by considering their capability to adsorb large polluting molecules such as
methylene blue (MB) dye.
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Fig. 1. Optimized structures of extended chevron (A60) and cove-edged (Z60 and Z60R) GNRs
with different widths and lengths.

3.1. Stability and Electronic Properties

The binding energy (Ey) for the optimized chevron and coved-edge GNRs in Table 1 is calculated
and used to insure the stability of the selected structures. Moreover, it can be used to study the
effect of different factors that enhance/ lower the binding strength. The positive binding energy
(see Table 1) implies a stable structure. In addition to Ey, , the infrared spectra for some GNRs (Fig.
4 in Appendix A), with positive frequencies indicate that the structures are geometrically stable
without saddle points on the potential energy surface. The binding energy are calculated from, Ey=
(NgEp+ NcEc-Eg)/N where Ny, N¢, N is the number of hydrogen, carbon, and total number of
atoms in the GNRs, respectively. Ey, Ec, and Eg are the corresponding energies. The values of E,
in Table 1 indicate that the binding strength of Z60R >Z60>A60. The morphology of A60 requires
a higher number of C-atoms at the edges than that in cove-edged GNRs. C atoms at the edges form
only two sigma bonds with adjacent C-atoms while at the interior they form three bonds, therefore
GNRs with higher number of edge atoms will have lower binding energy. On the other hand, a
higher number of edge C-atoms is useful for sensors and wastewater applications due to the higher
number of interactive electrons at the edges that enhance the adsorption of gases or pollutants.

Table 1. Binding energy (E,) and energy gap (E,) of A60, Z60, and Z60R nanoribbons with various
widths and lengths.

Structure | Ep(eV) | Eg(eV) | Structure | Ep(eV) | Eq(eV) | Structure | Ey(eV) | Eq(eV)

(A60) (Z.60) (Z60R)
A60-3-L3 6.53 0.08 760-2-L3 6.51 1.56 Z60R-2-L3 | 6.96 2.24
A60-4-13 6.91 0.08 760-3-L3 6.97 0.69 Z60R-3-L3 | 7.38 1.36
A60-5-L3 | 7.18 0.19 760-4-L3 | 7.25 0.31 Z60R-4-L3 | 7.63 0.86
A60-6-L3 | 7.39 0.25 760-5-L3 | 7.45 0.20 Z60R-5-L3 | 7.79 0.56
A60-4-L4 | 6.96 0.06 760-3-L4 | 5.23 0.68 Z60R-2-1L4 | 7.02 2.21
A60-4-1L5 6.99 0.05 760-3-L5 7.09 0.66 Z60R-2-L5 | 7.06 2.20
A60-4-L6 7.01 0.04 760-3-L6 7.12 0.65 Z60R-2-L6 | 7.09 2.19
A60-4-L7 |7.02 0.03 760-3-L7 | 7.14 0.64 Z60R-2-L7 | 7.11 2.19

These interactive edges states appear in the highest occupied molecular orbital (HOMO) in Fig. 2
(d) as localized cubs at the arms of the GNRs. These edge states are localized around fermi energy
(see Fig. 2 b) and result in a very small energy gap Eg~0.08 eV in A60-3-L3. This tiny energy gap
continues decreasing with length increase, reaching 0.03 eV for A60-4-L7. Therefore, these
nanoribbons are promising applicants for topological insulator because they are perfect conductor
at the arms and insulator at the interior. Although increasing the nanoribbon width leads to
increase of the band gap between the edge states, Eg=0.25 in A60-3-L3, however this enlarged
gap does not affect the nature of the states as seen from HOMO distribution in Fig. 2 e.



These edge states totally disappear in Z60 and Z60R leading to the formation of wide band gaps
(Fig. 2 ¢, h) between the extended buck states that distribute on the edges and the interior of the
GNRs as seen by the HOMO distributions in Fig. 2 (f, k). In deep contrast to the edge states, the
band gap between these bulk states decreases by increasing width. Normally, this decrease should
be the right behavior of the band gap as a result of the quantum size effect. The gap between the
bulk states even in A60 also decreases from ~4 eV (Fig. 2 a) to 2.3 eV (Fig. 2 b). Therefore, the
peculiar effect of energy gap increasing with width increasing is related only to edge states that
may arise from the interaction among the states themselves. By increasing the width in Z60 and
Z60R GNRs the edge states start to appear due to the formation of zigzag edges on which the
localized edge states distribute as seen in Fig. 2 (k).
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Fig. 2. Electronic density of states and highest occupied molecular orbital of selected GNRs to
show the edge/bulk states and the variations in the energy gap.

3.2 Adsorption Properties

The interaction between the GNRs and methylene blue (MB) is investigated to highlight the
adsorption competence of GNRs toward such large molecules and the effect of this interaction on
the electronic properties. The dispersion interaction is considered through adding Grimmes’s
dispersion correction (gd3) to the B3LYP-functional [69]. Various adsorption techniques are
considered; adsorption of MB through different positions (see Fig. 1 (c) for three adsorption
positions, front (a), side (b), and surface (c)) and adsorption after attaching chemical groups
(COOH, CN, NO) to the edges. Fig. 3 shows the optimized structures of some GNRs adsorbing
MB from different positions (Fig. 3 a-c) and after attachment of COOH and NO groups (Fig. 3 d-
f). Table 2 presents the calculated parameters for all the considered interactions between MB and
GNRs, namely the adsorption energy (E,), the Hirshfield [70] charge transfer from the positively
charged MB to the GNRs (AQ= MB charge before adsorption-MB charge after adsorption) and
the energy gap (E,).

Table 2. The adsorption energy (Ea), the Hirshfield charge transfer (AQ), and energy gap (E,) of
A60, 260, Z60 GNRs adsorbing MB.

Structure + MB E, (eV) AQ (e) E.(eV)
A60-4-L3-a 0.0413 0.4351 0.0871
A60-4-L3- b 0.0398 0.5663 0.0816
A60-4-L3- ¢ 0.0413 0.2654 20.3891
A60-4-L3- a-COOH 0.0381 03127 0.0798
A60-4-L3- b-COOH 0.0383 0.2423 0.077
A60-4-L3- a-CN 0.0414 0.3003 0.0797
A60-4-L3- a-NO 0.0360 0.4638 21,6909
760-4-L3 —a 0.0635 0.3792 0.2095
760-4-L3 -b 0.0653 0.3061 0.2261
760-4-L3 - 0.0650 0.3054 0.2422
760-4-L3-a-COOH | MB 0.0442 0.1953 0.2041
760-4-L3 —a-CN 0.0601 0.1830 02177
760-4-L3 —a-NO 0.0450 0.2852 02122
Z60R-3-L3 -a 0.0470 0.3043 0.6346
Z60R-3-L3 -b 0.0452 0.2277 0.3755
Z60R-3-L3 ¢ 0.0472 0.3322 1.0286
Z60R-3-L3-a-COOH 0.0408 0.0774 20.3129
Z60R-3-L3 —a-CN 0.0444 0.2200 0.1905
Z60R-3-L3 —a-NO 0.0401 0.1778 0.0082
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Fig. 3. Optimized structures of chevron and cove-edged GNRs adsorbing methylene blue on
different positions and on attached chemical groups (a-f). The molecular orbitals in (g-m) are
mainly to present the orbitals resulting from the interaction between the nanoribbons and MB

and their position in the valance band with respect to the HOMO.

The adsorption energy per atom is obtained from, Ea= (EgnrstEms —Egnrs-mB)/ N where Egnrs,
Emp, and Egnrsmp are the total energies of GNRs before adsorption, MB, and GNRs after
adsorption, respectively. The positive values of Ea in addition to the positive frequencies from IR
spectra shown in Fig. 4 in Appendix A insure a successful adsorption process. Moreover, the
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adsorption strength depends on the adsorption position and the type of attachment. The adsorption
energy in A60-4-L3- a/-b positions is lower than in A60-4-L3- ¢ while charge transfer in the former
is significantly higher. The reason is that in edge adsorption, MB is adsorbed by lower number of
C-atoms compared to surface adsorption (see Fig. 3 a, b) which increases E, in the latter case. AQ
does not follow that rule because of the different type of interacting energy states. Where in the
former case the states are highly interactive edge states that mix with that from MB, see the HOMO
distribution in Fig. 3 (g), while the extended surface states provide lower mixing with MB and the
HOMO cubes distribute only on the GNRs as in Fig. 3 (h). Therefore, the interactive edge states
at the arms of A60 make GNRs potential applicant for applications requiring moderate adsorption
such as oxygen evolution reaction. It is observed from Fig. 3 (a) that the adsorption of MB through
positions-b (also in position-a) ended up on the left arm of the nanoribbons implying that the
adsorption of large molecules requires interaction with additional C-atoms at the surface. The same
happened with Z60 and Z60R, see Fig. 3 c. Adsorption of MB at positions-a and-b without any
support from surface atoms can be achieved by attaching chemical groups such as COOH and NO
in Fig 3. (d, e). Therefore, functional groups enhance the adsorption process by adding new
adsorption positions. The adsorption energy and charge transfer in these new adsorptions are
slightly lower than other cases, as in Table 2, due to the fewer number of edge atoms involved in
the interaction.

The distribution of the HOMO in all the adsorption cases is on the edges, this indicate that even
the physically adsorbed MB form more stable molecular orbitals (that distribute on MB) with
lower energies than that formed by the edge states. For example, the formed molecular orbitals on
the adsorbed MB in Z60-4-L3-a-COOH-MB and A60-4-L3-a-CN are HOMO-10 and HOMO-7,
respectively, which are deeper in the valance band than HOMO from the edge states as shown in
Fig. 3 (j-m). Only when MB is adsorbed at the arms of A60 (Fig. 3 g) the HOMO distributed on
both the GNR and MB due to the direct interaction between the edge states and MB.

The energy gap of GNRs decreases after the adsorption due to the addition of molecular orbitals
from the physically adsorbed dye, these orbitals reside inside or around the energy gap and
decrease it. The new E, depends on the type of the nanoribbon, the adsorption position, and the
attached chemical group. It becomes very narrow, Eg=0.008 eV in Z60R-3-L3 —a-NO-MB, or
narrow Eg=0.204 in Z60-4-L3 —a-COOH-MB, or moderate Eg=1.027 in Z60R-3-L3 —c. The
interaction with MB can even lead to transformation from semiconductor to semimetal with
negative energy gaps as in A60-4-L3- ¢ and Z60R-3-L3-a-COOH in Table 2. In these systems the
orbitals from the MB appear as the LUMO, Fig. 3 i, which mean that the weakly adsorbed MB
adds its molecular orbital in the tiny band gap leading to overlap between some orbitals from
valance and conduction bands. It is worth noting that for the very narrow Eg=0.008 eV in Z60R-
3-L3 —a-NO-MB, the LUMO is also from MB similar to that in Fig. 3i. Thus the resultant materials
could be considered as heterostructures with interactive states that result in a zero or negative band
gab [71-73].



4. Conclusion

The electronic and adsorption properties of extended chevron and cove-edged graphene
nanoribbons are investigated using density functional theory calculations. The effects of
width/length, attaching chemical group, and interaction with large molecules such as MB are taken
into account. The stability of the structures is confirmed by the positive binding energy and
frequencies in the infrared spectrum. The binding energy of chevron GNRs is lower than that of
cove-edged ones because of the higher number of edge C-atoms in the former that form only two
sigma bonds with adjacent C-atoms. The characteristic edge atoms in chevron nanoribbons create
highly interactive edge states that extremely decreases the band gap (Eg~0.03 eV) with respect to
the wide band gap between bulk states in cove-edged nanoribbons (Eg~2.19 eV). The molecular
orbitals from these states distributes only on the arms of the GNRs making them potential
topological insulators. Interestingly, the energy gap between edge states in chevron GNRs
increases by increasing width, which contradict the normal behavior of decreasing the gap due to
quantum size effect as in coved-edged nanoribbons. Increasing width enlarges the zigzag edge
which in turn increases the number of edge states. Then the peculiar increase in the band gap could
be due to the enhanced interaction between the edge states. Methylene blue is successfully
adsorbed by GNRs and demonstrates interesting electronic and adsorption properties. For instance,
edge states provide moderate adsorption on the arms of the nanoribbons and the attached chemical
groups improve the adsorption by providing new adsorption positions. The electronic band gap
decrease by the adsorption process because of the additional molecular orbital from the adsorbed
MB, these orbitals reside inside or around the energy gap and decrease it. The interaction with MB
can even lead to transformation from semiconductor to semimetal with zero or negative energy

gap.
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Appendix A

Infrared spectra of selected chevron and edge-coved GNRs before and after adsorption of MB
with positive adsorption frequencies are shown in Fig. 4.
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Fig. 4. Inferred spectra of chevron and edge-coved GNR before and after adsorption of MB.
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