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The  usage  of reconstructed  zigzag  graphene  nanoribbon  (RZGNR)  as a  sensor  for nitrogen  based  chemicals
is being  analyzed.  The  principle  of sensing  is based  on  reaction  of nitrogen  atom  with  the  edge  of  RZGNR,
which  causes  a measurable  change  in electrical  properties  of  the  nanoribbon.  In  order  to  characterize
the  RZGNR  based  sensor,  reaction  mechanisms  of a graphene  nanoribbon  with  an  ammonia  molecule
(NH3)  are analyzed  in  detail  by  using  ab  initio  and DFT  calculations.  Ammonia  molecule  reacts  with
RZGNR  via  a  two  stage  reaction.  The  first stage  represents  the  rate  limiting  step  of  the  entire  reaction  and
produces a reaction  intermediate.  The  reaction  intermediate  undergoes  proton  transfer  as a second  stage
reaction  in  order  to form  energetically  stable  product.  The  negative  differential  resistance  (NDR)  behavior
was noticed  in  our  model  of  RZGNR.  Upon  reaction  with  the  NH3 molecule,  the  electronic  properties  of
eywords:
raphene nanoribbon
eaction mechanism
onductivity
ensity of states
FT

RZGNR  are  significantly  modified  and  the observed  NDR  behavior  disappears.  Present  findings  show  that
adsorption  of guest  NH3 molecule  can be sensed  by the  change  in  current  passing  through  the  ribbons.

© 2015  Published  by  Elsevier  B.V.
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. Introduction

Being a perfect 2-D material, graphene is considered to be
 promising agent for the sensing applications [1–6]. A mono-
ayer of graphene is capable of detecting individual molecules,
dsorbed from gas phase [1] or even larger molecules that would
e attached to a graphene sheet from solution, indicating its
pplicability in sensing wide range of molecules [3–7], or even
iomolecules [8,2,9–11]. Chemically modified graphene sheets

ike graphene oxide, doped graphene, functionalized graphene
anoribbons (GNR) also pledge for applications in advanced sen-
ors since chemical modifications provide active sites for molecular
dsorption, increasing its binding energy [12]. Graphene nanorib-
ons (GNR) enjoy the presence of edges along with the high surface
o volume ratio. These edges provide chemically active sites for

he adsorption of gas molecules and therefore could play a crucial
ole in sensing applications. Zigzag graphene nanoribbons (ZGNR)
ave been preferred over armchair graphene nanoribbons (AGNR)

∗ Corresponding author.
E-mail addresses: neerajkjaiswal@gmail.com (N.K. Jaiswal), gkova@irb.hr

G. Kovačević), pivac@irb.hr (B. Pivac).

ttp://dx.doi.org/10.1016/j.apsusc.2015.08.219
169-4332/© 2015 Published by Elsevier B.V.
due to their intrinsic magnetic ground state [13]. Till now, GNR
with different edge terminations have been investigated and it
is observed that their electronic properties are highly depend-
ent upon the terminating element/functional groups [14,15]. This
inspired researchers to investigate different edge terminations
of GNR and consequently reveal their potential applications. H-
terminated GNR have been extensively explored due to enhanced
stability and are still dominating. Further, it is reported that termi-
nation of ribbon edges with more than one H atom, can also be used
to tailor their magnetic/electronic properties. On the other hand,
in-depth understanding of bare GNR is still limited. Though, few
attempts have been made to explore the structural and electronic
properties of bare GNR [16,17], however, detailed investigations
are yet to be made. Recently, Koskinen at al. revealed that a bare
ZGNR undergo strong reconstruction due to highly reactive nature
of their edges [18]. It was reported that the observed reconstruc-
tion of bare edges plays a crucial role for the structural stability of
the ribbon. Recently, graphene sheet without H-terminated edges
has been experimentally produced via vacuum sputtering by He

et al. [19]. They found about 80% reduction in the edge C C bond
lengths which is in consistence with the previous theoretical pre-
dictions. The relative stability of these spontaneously reconstructed
graphene edges suggests that these types of structures should be

dx.doi.org/10.1016/j.apsusc.2015.08.219
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Fig. 1. Atomic models used in calculations of graphene nanoribbons: (a) cluster
model of graphene nanoribbon, terminated with hydrogen atoms and (b) periodic
6 N.K. Jaiswal et al. / Applied S

xplored further for more realistic predictions of graphene based
evices.

Motivated from this, we have investigated the reaction mecha-
ism and the energetics for reaction between ammonia (NH3) and
he edge of reconstructed ZGNR (RZGNR) as well as the electronic
nd transport properties of reaction product for the application of
H3 sensors. The choice of NH3 lies in the fact that it is the sim-
lest compound that can be considered as a model for hazardous
itrogen-based compounds. NH3 itself is a toxic gas that can be
everely dangerous for the human being. Thus, it is necessary to
etect its early stage leakage (if any) to avoid any mishap incident.

. Theoretical methods

For the calculation of electronic and transport properties, we
erformed calculations based on density functional theory (DFT)
s implemented in ATK-VNL [20,21]. First, the geometry optimiza-
ion was performed with a force tolerance of 0.02 eV/Å. The ribbons
ere modeled with periodic boundary conditions. A vacuum region

f 10 Å was introduced between different RZGNR in neighboring
eriodic replicas. The number of k-points taken along the infinite
imension of RZNGR were 50 and a mesh cut off energy of 50 Ryd
as selected for the present calculations. The Generalized Gradi-

nt Approximation (GGA.PBE) as proposed by Perdew, Burke and
rnzerhof (PBE) [22] was used to account the exchange correla-
ion effects. The transport calculations of the considered geometries
ere carried out using non-equilibrium Green’s function (NEGF)

oupled with DFT [20,21].
Reaction mechanisms were determined by employing Gaussian

rbital based DFT on the search for stationary points on the poten-
ial energy surface (minima and transition states). The search for
tationary points was done on the non-periodic cluster models.
06-2X hybrid meta exchange functional [23] and second order
øller–Plesset perturbation theory (MP2) [24] with 6-31G(d,p)

asis set were used. M06-2X functional was proven to be one of
he best DFT functionals for thermochemistry, kinetics and non-
ovalent interactions [23] and, therefore is very well suited for the
etermination of reaction mechanisms. On the other hand, MP2  cal-
ulations provide a way for treating electronic correlation effects
hrough the perturbation theory and is used to verify reaction

echanism, obtained with M06-2X. Frequencies are calculated on
ll optimized stationary points in order to prove their nature (exist-
nce of a single imaginary frequency for transition states and none
or minima). For all transition states, atomic motions along normal

odes that correspond to imaginary frequencies were visualized
n order to check that converged geometries are desired transition
tates. In cases where additional imaginary frequencies of low mag-
itude were obtained, atomic motions along corresponding normal
odes were also analyzed in order to check if they correspond to

arge amplitude motions. Intrinsic reaction coordinate (IRC) calcu-
ations were done on all transition states in order to unambiguously
roof that obtained transition states were connecting right minima.
ingle point calculations were computed on M06-2X converged sta-
ionary points by using second order MP2  theory. The basis set,
hat was used in geometry optimizations (6-31G(d,p)) was also
sed in single point calculations (MP2/6-31G(d,p)). All calculations
n cluster models were done with the GAMESS [25,26] program
ackage.

. Results and discussion

.1. Reaction mechanism
Unlike infinite graphene sheets, graphene nanoribbons are char-
cterized by their edge. We  used the zz(57) reconstructed graphene
dge, published by Koskinen et al. [18] since it is energetically the
model, used in calculations with periodic boundary conditions.

most stable. The zz(57) is characterized by repeating heptagons
and pentagons along the edge. Each heptagon have two  two-valent
carbon atoms in bend coordination, that are exposed in the edge
of a graphene nanoribbon. The bond between these two  atoms is
unusually short (1.24 Å) [18], indicating a triple bond character.
Two-valent carbon atoms with similar bonding, in unstrained con-
ditions (like acetylene) have a linear (unbend) coordination. The
strained atomic pair on the zz(57) edge is the most reactive place on
a nanoribbon since a potential reaction on this place would change
the linear coordination of two-valent carbon atoms into a trigonal
planar and consequently, reduce a strain. Reaction on any other
atom in graphene would change its coordination from the trigonal
planar into a tetrahedral one, which would introduce a strain.

We modeled reaction of ammonia molecule with the atomic pair
with the triple bond, the most reactive site of a graphene nanorib-
bon. The cluster model of a RZNGR was chosen as a 12 Å long piece,
terminated with hydrogen atoms (Fig. 1a). Its edge contains three
triple bonds. The middle triple bond in the cluster model is used for
reaction modeling since in this way, the triple bonds on both sides
from the reaction center provide large padding.

The reaction of an ammonia molecule with zz(57) edge of the
graphene nanoribbon proceeds in two  reaction steps. The first
step is an addition of the ammonia molecule into a triple bond.
Minimum energy path for the addition reaction passes through
a prereaction complex (1) (see Fig. 2a). This complex represents
a shallow minimum about 1 meV  below reactants (without zero-
point vibrational energy). In this complex, there are no chemical

bonds between ammonia molecule and RZNGR. The energy stabi-
lization of 1 comes from dispersion forces only.
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Fig. 2. Geometries of stationary points on the reaction path for addition of ammo-
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Fig. 4. The calculated DOS profiles for RZGNR and that of structures, reconstructed
ia  molecule onto a zz(57) edge of a reconstructed graphene nanoribbon. Only the
eaction center is shown for clarity. (a) Prereaction complex; (b) transition state; (c)
ntermediate minimum; (d) transition state; and (e) global minimum.

The first transition state 2 (Fig. 2b) represents the largest energy
arrier on the reaction path (see Fig. 3) and, therefore is the rate
etermining step of the entire reaction. In the transition state the
even-membered ring in the reaction center is being distorted. That
istortion is governed by the change in the bonding pattern of car-
on atoms in the reaction center. The carbon atom in the reaction

enter has one emerging bond with the nitrogen atom in the ammo-
ia molecule which causes a reduction in bond order of the triple
ond. After the C N bond is formed, the bond that was initially

ig. 3. Energy profile along intrinsic reaction coordinate (IRC) for the reaction
etween NH3 and reconstructed zigzag graphene nanoribbon. Energies are cal-
ulated with MP2/6-31G(d,p) level of theory. Geometries that correspond to the
tationary points (1–5) are shown in Fig. 2.
zigzag graphene nanoribbon upon reaction with ammonia (5) and reaction inter-
mediate (3).

triple, elongates in the reaction intermediate 3 (see Fig. 2c) from
1.24 Å to 1.35 Å, as a result of a reduced bond order.

The second reaction step represents the proton transfer from the
nitrogen atom to the carbon atom in the reaction center, that did not
react yet. The corresponding transition state 4 (Fig. 2d) is in the form
of four-membered ring, created by the moving hydrogen atom. That
transition state is lower than the first one (2), allowing the transfor-
mation of intermediates 3 with enough energy towards the product
5 (Fig. 2e). Since the intermediate 3 was created from the ammonia
molecule with enough energy to surpass the energy barrier rep-
resented by the transition state 2, the intermediate should have
that energy available in the form of vibrational degrees of freedom
for passing through the transition state 4, which makes 3 a short-
lived species. The product 5 is energetically stabilized for almost
3 eV with respect to the reactants. Such a high energy stabilization
represents an impassable barrier for reverse reaction at room tem-
perature. Therefore the product 5 is a stable species that can last for
a long time, enough for determination of its electrical properties.

3.2. Electronic and transport properties

The RZGNR can be used for the sensing applications if the
changes in the electronic properties due to NH3 adsorption could be
detected. In order to compare electronic properties of RZNGR, 3 and
5, periodic models of their structures were optimized (see Fig. 1b)
and electronic properties were calculated on these geometries. 3
was taken into account since some nitrogen-based molecules with
a fully substituted nitrogen atom might lack the second stage reac-
tion. Therefore, to observe the electronic properties of RZGNR along
with that of 3 and 5, we  have calculated the electronic density
of states (DOS) as depicted in Fig. 4. We  observed a finite DOS
across the Fermi level for all the structures indicating towards their
metallic character. Moreover, in the vicinity of Fermi level, highest
availability of electronic states is noticed for 5 whereas the differ-
ence in DOS for remaining structures is not much significant. The
highest valence band peak in the energy range 0 to −1.5 eV is con-
tributed of 5 followed by two  small peaks of 3. Further, a number of
peaks are observed in the valence as well as conduction band. The
central peak in the vicinity of Fermi level is significantly enhanced
in 5 which is slightly shifted towards conduction band region and

indicates larger availability of DOS for electronic conduction. Thus,
the observed NH3 assisted changes in the electronic DOS  of RZGNR
are significant to be utilized for sensing applications.
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Fig. 5. The schematics of two-probe geometries used to calculate I–V characteristics for (
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ig. 6. The calculated I–V characteristics for RZGNR along with that of 3 and 5.
In order to investigate the effect of this change on some mea-
urable physical quantity, we also calculated the current–voltage
I–V) characteristic of these structures. The two-probe geometries,
mployed to calculated the (I–V) behavior are presented in Fig. 5.

ig. 7. The calculated transmission spectra for RZGNR along with that of 3 and 5 at
 bias.
a) reconstructed zigzag graphene nanoribbon, (b) structure 3, and (c) structure 5.

There are three parts of two-probe geometry, the central scatter-
ing region along with left and right electrodes. These electrodes are
seamlessly coupled with central region to minimized the interface
mismatching. The calculated I–V characteristics of RZGNR, 3 and
5 are displayed in Fig. 6. The I–V relationship of RZGNR shows a
sharp rise with increasing the voltage up to 0.6 V. Once the current
has attained a maximum value of about 32 �A at 0.65 V, it starts
decreasing with further increment in the bias voltage. Thus, a neg-
ative differential resistance (NDR) is observed for RZGNR (Fig. 6). To
the best of our knowledge, this is probably the first report on NDR
behavior noticed in proposed RZGNR device. However, the same
has also been observed in ideal GNR, silicene and boron nitride
nanoribbons [27,15,28]. As the crumpling is intrinsic phenomenon
in perfect 2-D sheet of graphene [29,30], the observed NDR  behavior
in RZGNR would be more promising than that in perfect GNR. More-
over, it is revealed that the current value is significantly enhanced
beyond 0.6 V in 3 as well in 5. Up to 0.8 V of applied bias, there is
a sharp rise in the current value for both the structures (3 and 5)
beyond which, the current increases at a slow pace. Moreover, the
magnitude of current is found higher for 5 than that of 3. At 1 V of

applied bias, the current approaches to 40 �A and 45 �A for 3 and
5, respectively. Thus, NH3 assisted changes are remarkable on the
I–V characteristics of RZGNR. As expected, the highest current is
noticed for 5 which also exhibit the largest availability of electrons.

Fig. 8. The calculated transmission spectra for RZGNR along with that of 3 and 5 at
1  V bias.
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For a further verification of the observed I–V behavior, we calcu-
ated transmission spectra (TS) for 0 bias (Fig. 7) (when no biasing
s applied between the left and right electrodes) and for 1 V biasing
Fig. 8). Interestingly, when no biasing is applied, all the struc-
ures exhibit equal transmission coefficient (TC) at the Fermi level.
owever, the application of bias voltage between the electrodes

esults in non-uniform TC across the Fermi level (Fig. 8). Moreover,
he highest TC at the Fermi level is observed for 5 followed by 3
nd RZGNR. Thus, highest current value for 5 is defended by the
orresponding high TC.

. Conclusions

Conclusively, it is revealed that the reaction path for interac-
ion of RZNGR with NH3 has two transition states which makes
t two-stage reaction. The first transition state is the maximum in
nergy along the minimal energy path making the first stage reac-
ion the rate determining one. The lower barrier of the second stage
eaction makes the reaction intermediate a short-lived species. The
nergy stabilization of the reaction product is significantly larger
han the average thermal energy at the room temperature, which

akes the reaction product a chemically stable species. RZNGR
as an electronic structure with metallic character which man-

fests a negative differential resistance behavior. Reaction with
mmonia causes significant changes in the electronic properties
f RZNGR. The metallicity of RZGNR is enhanced upon NH3 adsorp-
ion whereas the observed NDR behavior is eliminated. Significant
hanges in the current value pledges for the application of RZGNR
owards NH3 sensing applications.
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