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Functionalization of zigzag graphene nanoribbon (ZGNR) segment containing 120 C atoms with pyridine
(3NV-ZGNR) defects was investigated on the basis of density-functional theory (DFT) calculations, results
show that edge-modified ZGNRs by Sc can adsorb multiple hydrogen moleculesin a quasi-molecular fashion,
thereby can be a potential candidate for hydrogen storage. The stability of Sc functionalization is dictated by a
strong binding energy, suggesting areduction of clustering of metal atoms over the metal-decorated ZGNR.
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Introduction

Graphene which is a single layer of graphite has attracted
considerable research interests owing to its novel properties'®
opening up new perspectives and future research. In parti-
cular, graphene is suitable for the applications in semi-
conductor devices and for hydrogen storage.®%® The two-
dimensiond (2D) graphene sheet itsdlf is a semi-meta. How-
ever, when the 2D sheet is cut into rectangle dlices, namely,
graphene nanoribbons (GNRs), they can become one-di-
mensional (1-D) semiconductors with their energy band gap
depending on the width and crystallographic orientation of
cutting edge of the nanoribbons. Nitrogen (N) and/or Transi-
tion-metal (TM) atoms or clusters can dso be used to modify
the band structure of graphene and nanoribbons. Here a
systematic study of electronic structures of zigzag graphene
nanoribbon (ZGNR) whose edges are decorated with N
dopants with vacancy formation and Scandium (Sc) is pre-
sented. Pure ZGNR are not proper for hydrogen storage.
Remarkably large amount of hydrogen can be stored in
functionalized ZGNR. ZGNRs decorated by N and Sc atoms
can be functional materials that can be applied for hydrogen
storage. In order to find how the N doping with defects and
TM functionalization in ZGNRs affects the binding energy
of Hy, in this paper, we used first-principle spin-unrestricted
density-functional theory (DFT) to study the largest number
of H, adsorption on Sc-doped ZGNRs with pyridine defects
(3NV) by gradualy increasing the number of H, molecules
to these Sc-doped ZGNRs with pyridine deficiencies (3NV-
ZGNR).

M ethodology

The electronic properties were studied using first-principles
DFT caculations are carried out via Dmol® package,”*° The
generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) form and an dl-electron (AE) double
numerical basis set with polarized function (DNP basis set)

were chosen for the spin-unrestricted DFT computation®
with atomic cutoff set at 5.5 A. A triclinic supercell of 84 x
84 x 14 A® was used simulate the 10-ZGNRs, with awall-to-
wall distance of at least 20 A sufficient enough to avoid in-
plane interactions between adjacent cells. The lattice para-
meters a and b were large enough to ignore the effect of
neighboring nanoribbons. The Monkhorst-pack scheme®
was used in the Brillouin zone with 1 x 1 x 3 specid k-points
for all geometric optimization, the forces on al atoms were
optimized to be less than 0.005 eV/A using the Broyden-
Fetcher-Goldfarb-Shanno (BFGS) algorithm. The number
of k-points was verified using energy optimization.

Two types of modified 10-ZGNRs were considered: Sub-
dtitution of nitrogen dopants with vacancy formation, by
removing asingle C atom among three hexagons and replac-
ing the three surrounding C atoms with 3 N atoms (3NV-10-
ZGNR) (see Fig. 1(b)) and edge decorated ZGNR by Sc
with 3NV defects (see Fig. 1(c)). The Fermi levels of the
band structures and density of states (DOS) were reset at the
0 eV position.

Results and Discussions

Sructure of 10-ZGNR and 3NV-10-ZGNR. Figure 1(a)
shows the relaxed geometries of the nanoribbon, which was
chosen as a typical semiconducting model for investigation.
The width of the pure ZGNR was defined with the width
parameter n of zigzag graphene nanoribbons as the number
of zigzag lines across the ribbon width, as exemplifyied by
10-ZGNR was chosen in the present work. Hereafter, we
label a GNR with n zig-zag chains as n-ZGNR. The edge
carbon atoms of the nanoribbon are al saturated with H
atoms to avoid the dangling bond states. The total energies
for different magnetic phases of 10-ZGNR were caculated
to determine the ground state and it was found out that the
antiferromagnetic (AFM) phase isthe most favorable for 10-
ZGNR. The results are in agreement with literature, indicat-
ing that the methods in this work are reliable to describe



254  Bull. Korean Chem. Soc. 2014, Vol. 35, No. 1

@ 18 1432 ©
@ [ @
1.363 1.361
@
’4&\2.143 4351362
L .
1.448 b i 1.450
.000
@ 1408 - 2%
! 2.39 . @ 2.394 @
2.145 27056 2,062 2139
/ § ’ 4 © ©

Figure 1. Optimized geometry of (8 the infinite ZGNR, (b)
ZGNR with pyridine defects (c) edge-decorated ZGNR by
Scandium with pyridine defects. Gray color depicts carbon atoms,
blue is Nitrogen, white is Hydrogen and Scandium.

fully the electronic properties of ZGNRs.

There are limitless possibilities with respect to configu-
rations since the pyridine defect can exist in different
locations but computation shows that the configuration with
defects close to the edge is favored energeticaly. The C-C
bonds for the pure 10-ZGNR ranges from 1.407-1.443 A.
The C-N bond lengths of 10-ZGNR with pyridine-like
defect is determined to be ~1.317-1.385 A (see Fig. 1(b)).
Edge-decorated 10-ZGNR by Sc with pyridine defects can
be observed as shown in Figure 1(c) wherein the C-N bond
length is ~1.361-1.371 A; this is attributed in part to the
functionalized Sc atom. Thus TM impurities in ZGNRs
produce local strains and deformation.
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Electronic Properties of 3NV-ZGNR Doped with Sc.
When Sc metal is adsorbed on the 10-ZGNR with 3NV
deficiency, asinitial guesses, we consider the TM is directly
bound to the hollow site of 3NV and the TM is attached to
the sites near 3NV and after full structura optimization it is
found out that the Sc-adsorption on the hollow site is
energetically favorable. Sc-adsorption on the hollow site
leads to the formation of Sc-porphyrin-like structure in
which the adsorbed Scis protruded from the 3NV-10-ZGNR
with an average Sc-TM bond length of 2.093 A. Also edge
of the 3NV-10-ZGNR was modified by the lightest transition
metal Sc. If amodest level of edge decoration isrealized on
the edge such that every two-carbon atom on the edge is
bonded with one Sc atom (such amodel system is named as
3NV-10-ZGNR-Sc/2, where Sc decorates both edges.), the
calculated binding energy of each Sc atomis—5.79 eV. Here,
the binding energy of Sc at the 10-ZGNR edgesis calculated
according to the formula

Eb = [Etot (3Nv-10-z6NR-5¢/2) — Etot (3NV-10-ZGNR with bare edige)
— Btot (so/Nsc @

where Eq: denotes the total energy of the optimized system
in the bracket and Eq (s iS the energy of free Sc atoms. Eb
< 0 corresponds to a stable optimized configuration and
indicates bonding. Notably, this Sc binding energy is greater
than that of a fully Sc-decorated 3NV-10-ZGNR (where
every carbon atom on the edge is bonded with a Sc atom).
More importantly, Sc binding energy is lower than the
cohesive energy (-4.4 €V) of bulk Sc, suggesting that Sc
will not form clusters once bonded with carbon atoms at the
3NV-10-ZGNR edges. The cohesive energy is caculated
according to the formula: cohesive energy of Sc = crysta
energy of Sc - energy of free Sc atoms. A hexagonal crystal
structure was employed in calculating crystal energy of Sc.
Do Sc atoms aso prefer to bind with carbon atoms on the
surface of GNR? Our calculation indicates that if Sc atoms
are uniformly dispersed on the surface of graphene, with
each Sc atom located at the center of a carbon hexagon,
binding energy is much less than the cohesive energy of bulk
S, it is more likely that Sc atoms will form clusters on the
surface of GNR rather than disperse uniformly. In other
words, edge-decorated GNR by Sc is energetically robust.
Graphene ribbons with open side bonds are known to be
very reactive and unstable energetically, and therefore it is
quite natural that the edges are saturated with other atoms.
The most common edge species is hydrogen, a modified
version of the binding energy wherein the bare edge term
was replaced by hydrogenated edge. Eb = [Eot (10.z6NR-sv2) —
Etot (hydrogenated 10-zGNR) — Etot (sg]/Nsc. Ep IS positive around 0.23
€V, suggesting a competition between hydrogen and Sc
atoms, the small positive value indicates that the edge will
eventually remain hydrogenated rather than functionalized
with Sc atoms but hydrogen is certainly unstable under
électron bombardment®; Sulphur atoms are difficult to
remove with an electron beam and lend themselves as a
more stable side termination. These sulphur-terminated
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Figure 2. PDOS of (a) Sc, (b) N and (c) C in the adsorption

system for the 10-ZGNR, blue, red and green plots denote s, p and

d orbitals, respectively.

carbon strips might be the narrowest graphene ribbons that
have ever been made and perhaps even the narrowest
possible graphene ribbons that are stable.® In light of that
controlled synthesis of narrow GNRYs, it is expected that
edge-decorated GNR by Sc can be realized in the [aboratory
aswell.

The formation of pyridine-like nitrogen defects is very
crucia for enhancing the metal binding to the defects. The
strong interactions between these TMs and the ZGNR with
defects can be explained through partial densities of states
(PDOS), that is, Sc adsorption on the 3NV-10-ZGNR as
shown in Figures 2(a)—2(c). It isfound that the d electrons of
Sc and the p electrons of C and N atoms mainly contribute to
the eectronic states near Fermi level. Strong interaction
exists between the d orbitals of Sc and the p orbitals of N
atoms due to their hybridization with each other. This is
reasonable, because the ZGNR with 3NV defects uses two
vdence electrons to form alone pair. The non-bonding lone
par of the 3NV-ZGNR is greatly enhanced compared with
the pure ZGNR.

In Figure 3(a) the spin resolved band structures of 10-
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Figure 3. The band structures of (a) pure 10-ZGNR, (b) 10-ZGNR
with pyridine-like defect, (c) edge decorated 3NV-10-ZGNR by
Sc, and (d) a 3NV-10-ZGNR bilayer with an adjacent layer. Fermi
level is set as zero and plotted with abroken line.

ZGNR is shown. The spin-up and spin-down bands are fully
degenerate, the net magnetic moment of the AFM phase is
zero and a 0.35 eV energy gap is observed. After the intro-
duction of a 3NV defect Figure 3(b), the energy bands near
the Fermi level become asymmetric for different spin channels:
in the spin-up channel, metalicity is obtained, while the
spin-down channel is semiconducting. Therefore, the 10-
ZGNR containing a 3NV defect is haf-metalic and is in
agreement with the results obtained by H. Park et al.®
wherein the semiconducting ZGNRs became half-metallic
or remained semiconducting depending on the configuration
of N—C covalent bonds between pyridine and the outermost
C atom of the ZGNRs; the 3NV-10-ZGNR is a semicon-
ductor nanocomposite materia after the adsorption of Sc
atom Figure 3(c). In addition, 10-ZGNR containing a 3NV
defect which is haf-metalic may form a bilayer with an
adjacent layer, thiswas calculated and after optimization the
resulting band structure is presented in Figure 3(d) wherein a
metalic behavior is observed. Hirshfeld charge analysis
indicates that about 0.46 e are transferred from the Sc atom
to the as 3NV-10-ZGNR-Sc/2 structure, partialy cationic Sc
atom results due to the charge transfer from the Sc atom to
the GNR. Partialy cationic specie can attract H. as discuss-
ed in the next section 3.3, in comparison anionic specie was
investigated by S. Yan and J.Y. Lee* wherein hydrogen
interactions with nearby atoms of the anionic LiAIH4 (LAH)
clusters and their hydrogenated species was presented. The
anionic LAH cluster size and the coupling mode between
Li* and the AlH,4 fragment are important factors influencing
the hydrogen storage capacity.

Hydrogen Storage of Sc Decorated 3NV-ZGNR. For the
3NV-10-ZGNR-Sc/2 system, the number of H, was gradual -
ly increased to address the maximum number of H, mole-
cules that can be bound to the system and after full relaxa
tion for every H, adsorption configuration, the GGA pre-
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Figure 4. Optimized geometry of Sc-decorated ZGNR containing
a pyridine defect with thirty-five hydrogen molecules absorbed.
Seven Sc atoms where used to decorate the ZGNR. Gray color
depicts carbon atoms, blue is nitrogen, white is hydrogen and Sc.

dicted that the maximum number of hydrogen molecules
that can be adsorbed on each Sc atom is five for which the
average adsorption energy of H is —0.285 eV as seen in
Figure 4. Under this condition, the highest hydrogen storage
gravimetric capacity for this system is 2.5 wt %. To achieve
high H, adsorption capacity, the system should have high
ratio of number of adsorption sitesto the weight of adsorbate
materia, besides quasi-molecular H, binding capability for
the adsorption sites. To achieve highest ratio, we consider a
narrowest GNR system, namely, 3NV-2-ZGNR-Sc/2, where
Sc decorates both edges. Under this condition, the highest
hydrogen storage gravimetric capacity for this system is 9.7
wt %, which is within the standards set by the U.S. Depart-
ment of Energy (DOE) target with respect to gravimetric
density. Most importantly, the H-H distances are increased
dightly due to the charge transfer from the H, molecules to
the Sc yet al the adsorbed H, remain molecular. A calcu-
lation using LDA-PWC was dso carried out and average
hydrogen adsorption energy is within the optimal adsorption
energy range for hydrogen storage at room temperature of
0.20-0.70 eV/H,.*®

Conclusions

Edge-modified GNRs by Sc can adsorb multiple hydrogen
molecules in a quasi-molecular fashion based on the form-
alism of density-functional theory calculations, thereby can
be a potential candidate for hydrogen storage. For the GNR
with Sc-decorated zigzag edges, the average binding energy
of H iswithin optimal range suitable for hydrogen storage
at room temperature. The predicted weight percentage of H.
for narrowest GNR, meets the DOE target.
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