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Zigzag graphene nanoribbons (ZGNRs) are known to carry interesting properties beyond graphene, such as finite
and variable band gaps. More interestingly, the edges of ZGNRs are magnetic due to single occupation of carbon
dangling bonds (DB). However, the magnetic moments at two different edge sides couple antiferromagnetically,
leading to a zero global moment for ZGNRs. Furthermore, the application of ZGNRs is limited by the high
chemical activity of their edges that can be easily oxidized while exposed in air. It has been proposed and
intensively studied to protect the edges by passivating them by hydrogenation or adsorption of other
molecules such as CO,. In this work, we systematically studied the stability, the structures and the effect of
CO, adsorption at the edges of ZGNRs. Our calculations confirm the experimental observation that the CO,

molecules can be easily absorbed by the ZGNR edges. More interestingly, our calculations show that the
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Accepted 16th May 2017 asymmetric CO, adsorption at two edges of ZGNR vyields a ferrimagnetic state of ZGNRs that presents a finite
global moment. Furthermore, considering the strong bonding between CO, groups and ZGNRs, we propose

DOI: 10.1039/c7ra03461j that it can be utilized to stitch arrays of ZGNRs together to form new types of 2D materials that inherit the
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1. Introduction

Zigzag graphene nanoribbons (ZGNRs), synthesized in 2008,
have attracted much attention as a candidate material for spin-
tronic devices because of their peculiar electronic structures.>® It
is well known that the ground state of ZGNRs is characterized by
spin-polarized electronic states at two edges, which couple
through the graphene backbone and result in an antiferromag-
netic (AF) arrangement of spins on adjacent atomic sites with zero
total magnetic moment.”™ In this regard, many works reported
the electronic properties and chemical properties of the edge
states of ZGNRs while the structure is modified by defects,>**
doping foreign atoms,'**" hydrogenation,”* oxidation,*
adsorption of some gas molecules®* and external electric
field.*** However, it remains a challenge to produce ferrimag-
netic ZGNRs with modification of the structures.
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advantageous properties of the nanoribbons, such as finite gaps and novel magnetic properties.

The pristine ZGNR edges might be oxidized easily when
exposed in the air. The unpaired electrons and the dangling
bonds (DBs) are very reactive and can be passivated by various gas
molecules or functional groups. Recently, an experimental work
showed that CO, can be irreversibly adsorbed on GNRS edges at
ambient temperature,* but structures of the passive edges are not
determined. Furthermore, it is not clear how the absorption of
CO, molecules modifies the magnetism of ZGNR edges.

Here, we performed a first-principle study based on density
functional theory (DFT) to address the structures and the
magnetism of CO, adsorbed on ZGNRs. Our results confirmed
that CO, can be strongly adsorbed on the edges of ZGNRs with
large adsorption energies of —3.75 eV, which is larger than the
adsorption energies of many other molecules,**** such as NO
(—2.29 eV), NO, (—2.70 eV) and H,O (—2.56 eV). Furthermore,
different CO, concentrations can affect the magnetism of
ZGNRs, and in some cases produce ferromagnetic edge states.
Additionally, we proposed that -CO,- group can work as bridges
to connect ZGNRs by forming C-C and C-O covalent bonds. As
a result, a two dimensional ZGNR-CO,-ZGNR structure can be
formed, which is metallic and magnetic. This two dimensional
material based on ZGNR arrays sewed by -CO,- groups may
have good potentials for applications in 2D electronic devices.

2. Calculation method

All the first principles calculations were carried out by density
functional theory (DFT) framework as implemented in the

This journal is © The Royal Society of Chemistry 2017
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Vienna ab initio Simulation Package (VASP code).*** The Per-
dew-Burke-Ernzerhof (PBE) exchange-correlation functional
within the generalized gradient approximation (GGA) scheme
was employed.**** The electron-ion interaction is described by
projector-augmented-wave (PAW) potentials.”® The energy
cutoff is set to 500 eV, the Brillouin Zones (BZ) are represented
by Monkhorst-Pack? special k-point meshes of 9 x 1 x 1 for
structural optimizations. A vacuum space of 20 A in the non-
periodic direction was used to remove any interaction
between two neighboring images. Structural optimizations were
completed until the remnant force on each atom was less than
0.02 eV A", The electron spin-polarization was considered in all
calculations. The adsorption energies (E,qs) of CO, on ZGNR
were defined by the following formula:

Eco,—zonr — ( Ezone + Eco,)
Nco, ’

Eads =

where Eco,_zonrs Ezanwry Eco, and N¢o, are the total energies of
the CO, adsorbed ZGNR, the pristine ZGNR, the CO, molecule
and the number of CO, molecules, respectively. The molecular
dynamics (MD) simulation were also performed to evaluate the
stability for typical structures. All the simulations ran for 3 ps
containing 2000 MD steps at a finite temperature in the NVT
ensemble with a large supercell containing about 100 atoms.

3. Results and discussion

We use 8-ZGNR (containing 8 arrays of C) as the example system
to study the adsorption of -CO,. We also tested #-ZGNRs (n = 6,
7,9,10, 11, 12) and found negligible difference while comparing

(a) = (D) e

©

Fig. 1 The structures of 8-ZGNR-t1 (a), 8-ZGNR-s1 (b), 8-ZGNR-8/8
(c), 8-ZGNR-4/8 (d), 8-ZGNR-1/8 (e), 8-ZGNR (f).
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with 8-ZGNRs results. In order to study different CO, coverage, 8
repeated unit cells of 8-ZGNR are included in the model. Several
configurations with different adsorption coverages and
adsorption sites are constructed and optimized by DFT calcu-
lations. These include: (1) on the top of 8-ZGNR (8-ZGNR-t1,
Fig. 1a); (2) on both edges of 8-ZGNR and chemically con-
nected with only carbon atoms in CO, molecules (8-ZGNR-s1,
Fig. 1b); (3) on both edges of 8-ZGNR and connected with
both carbon atoms and oxygen atoms in CO, molecules (8-
ZGNR-8/8, Fig. 1c); (4) on one edge of 8-ZGNR with 100%
coverage (8-ZGNR-4/8, Fig. 1d); (5) single CO, molecule
adsorption on one edge of 8-ZGNR (8-ZGNR-1/8, Fig. le). The
calculated adsorption energies for all the configurations are
listed in Table 1 together with magnetic properties.

For the first adsorption structure 8-ZGNR-t1, the optimiza-
tion of the structure shows that the distance of the C-C bridge
connecting CO, and ZGNR is 3.44 A, indicating a physical
adsorption by weak interactions such as van der Waals' force.
There is no distinct charge transfer between 8-ZGNR and CO,,
and the modification to the electronic structure of ZGNR is
minor. So the configuration of 8-ZGNR-t1 remain antiferro-
magnetic (AFM) after adsorption.

For the second adsorption structure 8-ZGNR-s1, the C-C
distance of the bridging bond is 1.50 A, which is a bit shorter
than the C-C bond length of 1.54 A. This indicates chemical
adsorption of CO, molecules on the edges of 8-ZGNR. The
adsorption energy is found to be —0.33 eV, showing again the
adsorption is chemical. The charges are calculated by the Bad-
er's Quantum Theory of Atoms in Molecules (QTAIM).***° The
results show that there is 0.17e charge transfer from 8-ZGNR to
CO, molecules. The adsorption also alters the structure of CO,
from a linear molecule to a nonlinear bent OCO group. The
0O-C-0 angle becomes 127.40°, and the length of C-O changes
from 1.18 A of an isolated CO, molecule to 1.26 A. The geometry
change of CO, is accompanied by the change of hybridization
from sp to sp>. However, the sp” hybridization plane of CO,
group is perpendicular to the sp® hybridization plane of ZGNR.

For the third adsorption structure 8-ZGNR-8/8, different
from the structure of 8-ZGNR-s1, both carbon and oxygen atoms
of the CO, molecules bind on two edges of 8-ZGNR, with C-O
and C-C bonds lengths of 1.35 and 1.48 A, respectively, which
indicate that 8-ZGNR-8/8 may have a stronger adsorption than
8-ZGNR-sl. The adsorption energy is exceedingly large with
a value of -3.75 eV, corresponding to very strong

Table 1 Adsorption energy and energies differences between the FM and AF states (meV per unit) of the studied ZGNRs

Eags (€V Epm — Local magnetic Total magnetic
Name per CO,) Epm (meV per unit) moment (up per edge) moment (ug per unit)
8-ZGNR-8-t1 0.04 22.19 0.65 0.00
8-ZGNR-8-s1 —0.33 —28.48 0.48 2.00
8-ZGNR-8/8 —-3.75 20.35 0.10 0.00
8-ZGNR-4/8 —3.78 22.17 0.65(0.1) 8.00
8-ZGNR-1/8 —3.90 60.03 0.65(0.1) 2.00
8-ZGNR — 82.99 0.65(0.1) 0.00

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) The calculated ELF of ZGNR-8/8. Green to red indicates the
gradually increased charge localization; (b) the charge-density differ-
ence for CO, adsorbed on 8-ZGNR-8/8. Isosurfaces are calculated at
0.004 e A=3. Yellow was the charge add and the blue was decreased.

chemisorption. The C atom in CO, converts to sp> hybridized
and the hybridization plane matches that of ZGNR. Therefore,
the C and O atoms formed both s and p bonds with neighboring
C atoms on ZGNR. The lengths of the C-O bonds in CO, change
from 1.18 A to 1.21 A and 1.49 A, showing one C-O single bond
and one C=O0 double bond and the O-C-O angle becomes
118.72°. The nature of their bonding was probed by calculating
the electron localization functions (ELF) of this structure. The
result is depicted in Fig. 2a. Basins of electron localization could
be found between CO, molecules and 8-ZGNRs, indicating the
formation of covalent bonds between them. The QTAIM charge
analysis indicates that each carbon atom at the edges of ZGNR
loses 0.58¢ during the adsorption, and the carbon atom in CO,
molecule gains 0.68¢, and the total charge transfer from 8-ZGNR
to one CO, molecule is 0.64¢ (Fig. 2b).

These results reveal that CO, molecules can be strongly
adsorbed on the edges of 8-ZGNRs while both C and O atoms in
CO, molecule bond with 8-ZGNR. The adsorption energies are
larger than 3.0 eV, corresponding to very strong chemisorption.
Our results confirm the experimental finding that CO, can be
captured by ZGNR if ZGNR grows under the environment of
CO,. In this configuration, the carbon and oxygen atoms were
both connected with ZGNR whereas the hybridization of carbon
changes from sp to sp> accompanied by 0.64 electrons transfer
from ZGNR to CO,.

The last two configurations represent different CO, adsorp-
tion coverage, based on the coverage, we name them as 8-ZGNR-
4/8 (Fig. 1d) and 8-ZGNR-1/8 (Fig. 1e). Fig. 1f shows a ZGNR with
pristine edges. The adsorption energies and the geometries of
the adsorbed CO, molecules vary only slightly with the CO,
coverage. This is easy to understand since the adsorbed CO,
molecules do not strongly interact with each other. However, as
we will show later, the different adsorption coverage has great
influence on magnetism of the edges.

To further evaluate the stability of CO, adsorption system,
two typical adsorption structures of 8-ZGNR-8/8 and 8-ZGNR-4/8
were perform MD simulation at 400 K. As shown in Fig. S1,7 all
those two adsorption structures become stable after 3 ps and
neither experience serious disruption nor break, although the
atoms shifted along a perpendicular direction, developing
a ripple-like structure like other low dimension materials.** The
MD simulations demonstrate that the adsorption of CO, does
not break the stability of ZGNRs at ambient temperature.

27934 | RSC Adv., 2017, 7, 27932-27937
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In order to examine the effect of CO, adsorption to magnetic
order, we calculated the energies of three spin configurations,
including non-magnetic (NM), ferromagnetic (FM) and anti-
ferromagnetic (AFM) states. The AFM state consists of local
moments oriented oppositely at two edge sides. The energy
differences between the FM and AFM states, AE = Epy; — Eapm,
of all adsorption models were calculated and listed in Table 1.
Negative AE values mean that FM coupling is energetically more
favorable, whereas positive values correspond to AFM coupling.
All AE values are positive except 8-ZGNR-8-s1, which indicates
that the feature of the antiferromagnetic coupling remains after
adsorbing CO, molecules.

The spin densities of the pristine ZGNR and three CO,
adsorbed ZGNR are plotted in Fig. 3. It is well known that zigzag
edges ZGNRs are semiconductors with spin-polarized edge
states that are ferromagnetically ordered at each edge and
antiferromagnetically coupled between two edges (Fig. 3a).
Furthermore, the calculations show that the magnetic ordering
of the ZGNR edges fully covered by CO, adsorption (8-ZGNR-8/8)
is the same as that of a pristine ZGNR (Fig. 3b). The major
difference is that the local magnetic moments are significantly
reduced in passivated edges (Table 1). This results agree well
with the previous calculation.®® More interestingly, while the
CO, coverage is asymmetric between the two sides, there will be
net magnetic moments in the ZGNR because the adsorption of
CO, will largely reduce the local moment. If only one edge is
covered by CO, molecules (Fig. 4c), the total magnetic moment
will be 8.00 ug per cell as used in calculations (8 repeating ZGNR
units). As a matter of fact, a single CO, adsorption at one side
will contribute 2.00 ug for the total magnetic moment (Fig. 4d).
We also tested the variation of magnetic moments with
different adsorption positions of CO, molecules (Fig. S2t) and
found that the total magnetism moment is only determined by
different number of CO, molecules adsorbed on two sides.

Fig. 3 The spin-polarized electron density of ZGNR (a), ZGNR-8/8 (b),
ZGNR-4/8 (c), ZGNR-1/8 (d). Blue was spin up and yellow was spin
down. The isosurface value is set to .00 x 1072 A=3.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The band structures of 8-ZGNR (a), 8-ZGNR-1/8 (b), 8-ZGNR-
4/8 (c), 8-ZGNR-8/8 (d). In (b) and (c), blue and orange lines represent
majority spin (down) and minority spin (up) bands.

Therefore, the ZGNR asymmetrically adsorbed CO, molecules at
two edges are ferrimagnetic, since the local moments at two
edge sides are antiferromagnetically coupled and yet the system
exhibit finite moment.

The band structure of ZGNR is also greatly influenced by the
adsorption of CO,. Using PBE functional, we calculated the
band structures of ZGNR with different adsorption coverage of
CO, molecules. The results are plotted in Fig. 4. As shown in
Fig. 4a, the bare 8-ZGNR has a direct band gap of 0.68 eV at I’
point. Considering the use of semi-local exchange-correlation
functional (PBE), the band gap might be greatly underestimated
in our work. With the adsorption of CO, molecules, there are
several features in the change of the band structures. For the 8-
ZGNR-1/8 and 8-ZGNR-4/8 coverage, the band structures were
different between spin-up and spin-down because the system is
magnetic. The 8-ZGNR-1/8 can be considered as introducing an
impurity at the edge. Its effect to the band structure is the
inducing of impurity states in the gap (Fig. 4b). As shown in the
figure, this impurity state is a deep acceptor state. For 8-ZGNR-
4/8, a full spin polarized band structure has developed (Fig. 4c).
The majority-spin bands exhibit similar band structures as the
pristine ZGNR (Fig. 4a); however, the minority-spin bands
contain features originated from the absorption. Overall, the
material is still semiconducting with a very small gap. There-
fore, the ZGNR with CO, passivation at one side is a low-gap
magnetic semiconductor and may find its usage in future two-
dimensional spintronic devices. 8-ZGNR-8/8 is non-magnetic
with overlapping majority and minority bands. While
comparing the band structures with the pristine ZGNR, we find

This journal is © The Royal Society of Chemistry 2017
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that the original conduction bands are pushed upward for
about 0.6 eV which is a result of the passivation of the dangling
bonds. A few more bands are introduced in the gap, resembling
same features as the minority-spin bands in 8-ZGNR-4/8.
Overall, the material is a low-gap semiconductor, the values of
band gap were showed in Table S1.}

We notice that the CO, groups can be used to connect two
neighbor ZGNR by forming C-C and C-O bonds. Again, we use
8-ZGNR as example nanoribbons to demonstrate this idea. As
shown in Fig. 5a, we constructed a model CO,-stitched ZGNR
arrays and optimized its structure using DFT method with PBE
functional. The structure belongs to Pmm2 symmetry group.
The most stable interface structure consists of CO, groups
bonding to one ZGNR edge with two C-O bonds and to another
ZGNR edge with one C-C bond. The ELF calculation shows
strong covalent features for the interface C-C and C-O bonds.
The MD simulations demonstrate this stitched 2D ZGNR arrays
are stable up to 700 K. Fig. S31 shows the structures and fluc-
tuations in the temperature as a function of the simulation time
at 300 K and 700 K, respectively.

Although most dangle bonds at the edges of ZGNR arrays
were passivated by CO, molecules, some of them remain as
shown in Fig. 5a. There are single electrons occupying these
DBs and may exhibit large local magnetic moments. As a matter
of fact, the spin-polarized calculations show that the CO,-
stitched ZGNR arrays are magnetic with a net moment of 1.52 up
per unit. Further calculations indicate the energy of ferromag-
netic state is 0.57 eV lower than that of non-magnetic state, and
is 0.84 meV lower than the antiferromagnetic state. The spin
polarized electron density is plotted in Fig. 5c that shows the
magnetism moment mainly come from the edge C atoms con-
taining DB. The local magnetic moments as calculated by the
charge density inside the PAW radii is 0.58 up of the carbon
atom with DBs.

The band structure calculation indicates the CO, stitched
ZGNR is metallic with impurity states occupied in the middle of
band gap and the Fermi level across those states. The further

ey Of
1 S00020200¢
1 200020200¢
HH

T— =
r spin-up spin-dn

interface -
DOS (V)

Fig. 5 The structure (a), the ELF (b), the spin-polarized electron
density (c), the band structure (d) of CO, stitched ZGNR.
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analysis by LDOS indicates that most of those states come from
the interface between CO, and ZGNR (Fig. 5d).

4. Conclusions

In summary, we have performed first-principles calculations to
study the stability, the structures of CO, molecule adsorption at
the edges of ZGNR. Our calculations reveal large adsorption
energies, agreeing to the experimental observation of easy
adsorption of CO, molecules at ZGNR edges. The adsorption of
CO, molecules can largely modify the electronic structure of
ZGNR. It reduces the overall gap by inducing new edge states in
the gap of ZGNR. More interestingly, the adsorption of CO, at
the edges can greatly alter the magnetic properties of ZGNR.
Especially, while the adsorption is asymmetric, the ZGNR
become ferrimagnetic with large global moment, indicating the
fabrication of interesting carbon based low dimensional
magnetic materials. Moreover, we propose that the CO, groups
can be used to stitch the ZGNR arrays together to form a new
type of 2D materials. The electronic structure calculations show
that such materials are ferromagnetic semiconductor with low
band gaps.
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