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Abstract. A systematic study of the most stable configurations, calculation of the corresponding binding
and free energies of functionalized 3d transition metals (TMs) on (10,0) Single Walled Carbon Nanotube
(SWCNT) doped with porphyrin-like nitrogen defects (4ND-CN,NT) using spin-polarized density functional
theory (DFT) formalism with flavours of LDA and GGA exchange-correlation (XC) functionals has been made.
A thorough analysis showed that the electronic and magnetic properties of SWCNT are dependent on the TMs
absorbed wherein, the composite material TM/4ND-CNiNT can act as a medium for storing hydrogen at room
temperature manifested through favourable adsorption energy.
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1. Introduction

Introduction of defects and dopants can alter the elec-
tronic and magnetic properties of Single walled Carbon
Nanotubes (SWCNT). Recently, efficient ways to mod-
ify the properties of carbon nanotubes (CNT) have
attracted various groups of considerable interest.!™®
B and/or N have roughly the same atomic radius as
C atoms. Specifically, N is a good choice of dopant
that is expected to make semiconducting CNT metallic
due to its one extra electron compared to a C atom.!™
The N-doped CNT (CN,NT) has been synthesized in
several groups’~'? using various approaches includ-
ing magnetron sputtering,'® pyrolysis of nitrogen-rich
organic chemicals,'* and arc-discharge in nitro-
gen atmosphere.'> However, most of the syntheses
yield nitrogen-doped multi-walled carbon nanotubes
(MWCN,NT) with bamboo-shaped morphology.
Recently, the synthesis of nitrogen-doped SWCNT
bundles via an aerosol-assisted chemical vapour depo-
sition (CVD) method was reported.'® It has been
suggested that the nitrogen dopants are substituted into
the carbon network with and without vacancy forma-
tion identified by electron energy loss spectroscopy and
X-ray photoelectron spectroscopy measurements.” !
Vacancy structures co-exist both as pyridine-like and
porphyrin-like wherein the porphyrin-like nitrogen
substitution accompanied with vacancy (4ND) formed
in the sidewall of SWCNT is a four-nitrogen divacancy.
The electronic,!” field emission'® and electrical
transport properties'® of these structures have been
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investigated systemically. The presence of 4ND defects
in CNT, suggests that the reactivity might be greatly
enhanced compared to the pure CNT.'%-2-2% The intro-
duction of new levels close to the Fermi level with
nitrogen doping can change the sensibility of CNT
to different kinds of molecules.'®2%2! Modification of
the electronic and magnetic properties of CNT can
also typically be effectively modified through chemi-
cal decoration of transition metals (TMs),?*~3! which
greatly expands the potential application areas of
CNT, such as improving the sensitivities of chemical
sensors, developing spintronic devices or catalysts
and providing higher reactive sites for hydrogen gas
storages.?*~832-37 AND defects in nitrogen-doped
nanostructures may enhance reactivity and immobilize
species such as transition metals;**=! also the binding
strengths of TMs with SWCNT doped with porphyrin-
like nitrogen defects (4ND-CN,NT) are significantly
enhanced when compared to the pure SWCNT such
that binding is stable and favourable dictated by a
strong binding energy that could improve transition
metal dispersion over the metal decorated SWCNT.
Theoretical calculations revealed that the 4ND defects
in SWCNT resulted in a decreased value of band gaps
and the electronic properties of SWCNT can be effec-
tively modified, which are strongly dependent on the
TMs absorbed. -+

The incorporation of nitrogen and transition metal
atoms into carbon nanotubes affords structures with
the ability to participate in hydrogen bonding. TM-
dispersed materials have been studied recently for large
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hydrogen storing capacity with respect to the release
temperature, the TM-H, binding energy and ratio which
look very promising.>~* US Department of Energy
(DOE) Hydrogen Plan has set a standard for this
discussion by providing a commercially significant
benchmark for the amount of reversible hydrogen
adsorption. The benchmark for the ratio of stored
hydrogen weight to system weight requires an effi-
ciency of 6.5 wt% hydrogen and a volumetric density of
62 kg Hy/m®. A systematic study of the most stable con-
figurations, calculation of the corresponding binding
and free energies of functionalized 3d TMs on (10,0)
4ND-CN,NT using DFT formalism is presented in the
paper to show that the composite material TM/4ND-
CNxNT can act as a medium for storing hydrogen at
room temperature.

2. Computational

Calculations were performed on supercells of zigzag
(10,0) CNT with 4ND that is chemically functionalized
with 10 different TMs (figure 1) using first-principles
density functional theory (DFT), Dmol® code, avail-
able from Accelrys.** Experimentally produced CNTs
have an average diameter of around 1 nm. Theoreti-
cally, calculated diameter close to 1 nm can be con-
sidered; obviously dictated by the need to drastically
reduce the computational effort in such a large unit
cell, single-walled (10,0) zigzag nanotube was cho-
sen motivated by the small periodicity of the zigzag
nanotubes compared to chiral ones. Thus the sys-
tem is correspondingly small, which should justify
the choice, as seen later on the discussion of the
results. Each electronic wave function is expanded
in a localized atom-centred basis set with each basis
function defined numerically on a dense radial grid.
For supercell geometries, spin-unrestricted calculations
were carried out with a double numeric polarized
(DNP) basis set available and the atomic cut-off set
at 4.6 A, along with gradient-corrected Perdew-Burke-
Ernzerhof (PBE/GGA) functional.*> Scalar relativistic
effects were included via a local pseudopotential for all-
electron calculations. Also, Perdew-Wang (PWC/LDA)
parametization*® was employed for exchange correla-
tion with the same technicalities used in the calculation
of (10,0) nanotube. The local-density approximation
(LDA) functional depends only on the density at the
coordinate where the functional is evaluated wherein
the formulae arises from quantum Monte Carlo simula-
tions. Generalized gradient approximations (GGA) on
the other hand is still local but it takes into account
the gradient of the density at the same coordinate
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which offers very good results for molecular geome-
tries and ground-state energies. Both GGA and LDA are
adapted to estimate the range of the adsorption energy,
LDA gives slightly stronger interaction between H, and
TM-doped nanotubes than GGA; conversely, the GGA
underestimates the binding energy of H,. The LDA and
GGA flavours aide in interpreting if the final binding
energies fall within the permissible adsorption energy
at room temperature. A triclinic supercell of 30 x 30 x
12.78 A3 was used to simulate the nanotube with infinite
length, with a wall-to-wall distance of at least 10 A, suf-
ficient to avoid in-plane interactions between nanotubes
in adjacent unit cells. The lattice parameter c equalled
to fivefold of the periodicity of (10,0) SWCNT and the
lattice parameters a and b were large enough to ignore
the effect of neighbouring tubes. The Monkhorst-Pack
scheme*” was used in the Brillouin zone with 1 x 1 x 5
special k-points for all geometry optimizations with the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm
with convergence criterion of 0.005 A on displacement,
and 107 a.u. on the total energy and electron density.
The Fermi levels of the spin-unrestricted band struc-
tures of (10,0) nanotubes were reset at the 0 eV position.
The 4AND-CN,NT was constructed as shown in figure 1a
by deleting 2 carbon atoms and replacing the surround-
ing 4 C with 4 N. TM was then attached to each of the
4 N atoms of the AND-CN,NT as presented in figure 1b.

3. Results and Discussion

Figure 1(a) shows the nitrogen-containing (10, 0) car-
bon nanotubes formed by C; 4Ny units 7.83 A in diam-
eter and 12.78 A in length. The interlayer bond lengths
calculated by density-functional theory for, C—C and
C-N bonds are ~1.425-1.429 A and ~1.338-1.352A,
respectively. A typical (sp’)C—C(sp?) bond length is
1.54 A. The C—N bond length for amines is 1.479 A.
Due to the two missing C atom, the C-N bond lengths
of porphyrin-like doping are smaller. To analyze the
bond lengths and bond angles, all nanotube geome-
tries were optimized at the same level of theory, includ-
ing porphyrin as a reference. Formation energies of the
nitrogen-containing carbon nanotubes with pyridine-
like and porphyrin-like vacancy were calculated for a
(10,0) nitrogen-doped CNT. The formation energy of
porphyrin-like vacancy is 3.10 eV while the pyridine-
like vacancy is around 3.17eV. The formation-energy
values have a close relationship to the nanotube struc-
tures in this study. These indicate that formation of a
divacancy is preferred over monovacancy and the dan-
gling bonded carbon atoms near the divacancies would
be replaced with four nitrogens from N, molecules in
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Figure 1. (a) Geometrically optimized structure and bond lengths (A) of N substitution into the carbon framework with the
formation of porphyrin-like vacancy. A fragment of the supercell was taken out to elucidate the bond lengths at the vicinity of
the N/TM impurities and (b) to (k) band structures of 10 TMs adsorbed on (10, 0) zigzag CN4NT with porphyrin-like defect.
The Fermi level is set as zero and plotted with a broken line. The blue and red plots denote alpha and beta band structures,
respectively. Only one part indicates that this system is non-magnetic. Energies at the vertical axis are at arbitrary units.
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the gas phase in the presence of catalysts or iron oxides.
Hirshfeld population analysis shows that charge is of
the order 0.116 e on each of the four nitrogen atoms of
4ND-CN,NT. Hence, this site of the nanotube is very
reactive as it can act as a strong oxidizing agent for
transition metal atoms.

As TM atom is adsorbed on the CN,NT, two kinds
of initial configurations were considered: (1) the TM
is directly bound to the site of 4ND; (2) the TM is
attached to the sites near 4ND. After full structural opti-
mization, the TM adsorptions on the defect sites are
the most stable because of their higher reactivity than
other sites.!¢:20:21:38-43 Baged on the comparison of the
bond angles and bond lengths of porphyrin, the struc-
ture with porphyrin-like defect functionalized with TM
can be observed as shown in figure 1b for Sc has an
increase in the C—N bond lengths of nanotube which is
~1.384-1.400 A although it has a smaller bond lengths
than amine. Impurities in CNTs produce their own local
strains as expected for these structures as shown in
table 1; the structural parameters of most stable config-
urations of TMs adsorbed on 4ND-CN,NT (labelled as
TM/4AND-CNNT) is characterized by forming multiple
TM-N bonds at the hollow sites wherein all the TMs

Table 1.
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are projecting from the sidewall of the 4ND-CN,NT in
various ways. The average TM-N distances (Dmy_n) of
TM/4AND-CNNT range from GGA-1.923 (Ni) to 2.144
(Sc) A and LDA-1.918 (Ni) to 2.120 (Sc) A. Thus it can
be surmised that N and TM impurities in CNT produce
respective deformations. The binding energy (E,) of an
individual TM on the 4ND-CN,NT is defined as:

Ey,

E(4ND — CN,NT) + E(TM) — E(TM/4ND
—CN,NT), (1)

where E denotes the total energy of the optimized sys-
tem the bracket. In table 1, E,>0 for all indicates a
stable optimized configuration and bonding. On the
other hand, due to the N participation and the vacancy
defect, the binding energies of all TMs on the 4ND-
CNNTs are generally larger than those on the pure
CNT*-% such that the presence of porphyrin-like nitro-
gen defects is crucial for enhancing the metal binding
to the defects. The CN,NT with 4ND defects uses two
valence electrons to form a lone pair wherein strong
interaction exists between p orbitals of N atoms and the
d orbitals of various TMs due to their hybridization with
each other.

Average TM-N distances (Dry-n) of TM/4ND-CNiNT, binding energy (Ep) of an individual TM on the

4ND-CNNT, calculated charge transfer using Hirshfeld population analysis, the charges transferred from TMs to the
(10,0) CN4NT with 4ND defect (Cpv), and total magnetic moment (f4;010; T™M)- Average distance between the TM and
H>(Dyrm-m2), average adsorption energies per Hy on TM-decorated CNy nanotube with porphyrine-like defects, charge trans-
ferred from TMs to the (10,0) CN4NT in the presence of Hy (Cry_p2), total magnetic moment (i4sora; 7a—p2) in the pres-
ence of Hy, H-H distances (Dy3), and charge transferred from from H, to TM atom (Cy;) using GGA (top) and LDA

(bottom).
Dy~ Eptm Crm Div-m2  Ep-m Gp-mz  Crv—m2 Dy, Cu

™ (A) (eV) (©)  Mrora ™™ (A) (eV) (eV) (e) Wiotal TM—H2 — (A) (e)
Sc 2.144 8.765 0.704 0 2.324 0.239 0.302 0.573 0 0.766  0.059
Ti 2.075 8.256  0.517 1.516 1.921 0.536 0.649 0.418 0 0.828 0.022
A\ 2.059 7.801 0.381 2.470 1.954 0.228 0.269 0.290 2.364 0.786  0.047
Cr 2.054 5.945 0.470 0.948 1.866 0.238 0.355 0.430 0 0.808 0.012
Mn 1.991 6.353 0.294 2915 2.179 0.105 0.128 0.243 0 0.764 0.034
Fe 1.967 7.397 0.231 1.911 1.630 0.311 0.376 0.142 0 0.837 0.044
Co 1.950 7.598 0.195 0.9694 1.885 0.198 0.244 0.150 0.917 0.778 0.037
Ni 1.923 7.089  0.127 0 3.143 0.013 0.091 0.131 0 0.750 0.004
Cu 2.030 4.607 0.360 0 2.075 0.067 0.346 0.346 0 0.764  0.046
7n 2.056 3.495 0.472 0 2.212 0.119 0.118 0.442 0 0.759 0.037
Sc 2.120 10.437 0.680 0 2.199 0.408 0.425 0.515 0 0.788  0.060
Ti 2.044 10.052 0.496 1.545 1.761 0.869 1.016 0.380 0 0.865 0.018
A% 2.046 8.515 0.341 2.755 1.725 0.809 0.846 0.278 0.018 0.890 0.010
Cr 2.019 7.876  0.433 0.964 1.704 0.970 1.326 0.405 0.047 0.866 0.013
Mn 1.968 8.387 0.254 2.983 1.958 0.589 0.723 0.114 0.004 0.873 0.022
Fe 1.941 9.463 0.196 1.954 1.584 1.058 1.212 0.116 0 0.872  0.042
Co 1.924 9.732  0.165 0.977 1.736 0.583 0.590 0.113 0.870 0.815 0.036
Ni 1.918 8.607 0.104 0 2.903 0.517 0.857 0.103 0 0.768 0.002
Cu 1.991 5.712  0.349 0.002 1.849 0.255 0.436 0.322 0 0.795 0.015
Zn 2.025 4.333 0.443 0 2.012 0.333 0.430 0.403 0 0.781 0.018
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Figure 2. Surface electrostatic potentials of the nitrogen-doped carbon nanotubes functionalized with 3d-block transition
metals with and without adsorption of hydrogen using the generalized gradient approximations.
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In figures 1b-1k: the band structures of different
TM/CNiNT nanotubes are represented. It can be seen
that upon adsorption of these TMs on CN,NT, the elec-
tronic properties are changed to different degrees that is
strongly dependent on the adsorbed TMs, certain impu-
rity states are introduced into their band structures, ren-
dering the electronic properties to change to different
degrees that are strongly dependent on the adsorbed
TMs. For example, when Sc, Ni, Cu, Zn are adsorbed
on the two CN,NTs, several semiconductors nanocom-
posites are obtained as their band gaps are increased
to different degrees due to the lift of the conduction
bands of CN,NTs. Interestingly, for Mn adsorptions the
influences on electronic properties is completely dif-
ferent: has a half-metallic character. This means that
CNNT-based devices with various electronic proper-
ties can be achieved. The changes in band structures
of the CN,NT upon adsorption of these TMs are also
evident by the charge transfer between the TM and
the CN,NT. As shown in table 1, in which we list
the calculated charge transfer using Hirshfeld popula-
tion analysis,>* the charges transferred from TMs to
the (10,0) CN,NT with 4ND defect range from GGA-
0.127e (Ni) to 0.704e (Sc) and LDA-0.104e (Ni) to
0.680 e (Sc) which are evident from the surface electro-
static potentials (SEP) shown in figures 2-3. The delo-
calized SEP of pure (10,0) nanotube is changed to a
polarized form as 4ND defects were introduced shortly
after the Sc functionalization, the polarization of the
SEP is more enhanced towards the 4ND-Sc dopant
indicating partially cationic character of the TMs due
to the charge transfer, which facilitates the adsorp-
tion of foreign species such as hydrogen gas as dis-
cussed next. It is worth noticing that the polarization
is weakest at Ni dopant which has a low charge trans-
fer as mentioned before and as observed in both GGA
and LDA plots in figure 2-3. When one H, molecule
is adsorbed on the TM/4ND-CN,NT system, the H-H
bond length is elongated from 0.752 A of a free H, to
as high as GGA-0.828 A (Ti) and LDA-0.890 A (V) as
displayed in table 1. Optimized TM-H, bond length is
found to range from GGA-1.630 (Fe) to 3.143 (Ni) A
and LDA-1.584 (Fe) to 2.903 (N1) A. It is seen in the
table depending on the TM incorporated that GGA-
0.004e (Ni) to 0.059¢ (Sc) and LDA-0.002e (Ni) to
0.060e (Sc) charge are transferred from H, to TM atom
and the entire TM atoms still carry a positive charge
(Crm_m2), indicating that more H, molecules can be
absorbed as can be visualized in the SEP. Interestingly,
Sc posses the maximum electron transferred of about
GGA-0.573 e and LDA-0.515e, the average adsorp-
tion energies per H, based on PBE-GGA calculations
ranges from 0.013 to 0.536 eV and adsorption energies
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per H, based on LDA-PWC ranging from 0.255 to
1.058 eV was obtained and summarized in table 1. The
maximum number of H, molecules that can be bound
to the TM/4ND-CN,NT system was calculated using
Sc as the representative to show how much N-doped
units can be introduced per unit quantity and how much
H, adsorption can it facilitate. The number of H, was
gradually increased to address the maximum number
of H, molecules that can bound to the Sc/4ND-CN,NT
system and after full relaxation for every H, adsorp-
tion configuration, the GGA predicted that the Sc atom
could absorb up to five H,. Correspondingly, based on
GGA-PBE calculations the average adsorption ener-
gies per H, ranges from 0.097 (5H,-Sc/4ND-CN,NT)
to 0.239 (1H,-Sc/4AND-CN,NT) eV in good agreement
within the adsorption requirement of hydrogen stor-
age at room temperature of 0.20 ~0.70 eV/H,.>> Most
importantly, the H-H distances are increased slightly
from 0.752 A to 0.758 A due to the charge transfer from
the H, molecules to the Sc/4ND-CN,NT yet all the
adsorbed H, remain molecular. The adsorption of H,
molecules was studied further on a 5 Sc functionalized
to a CN,NT with 5 4ND defects. In this case, each
Sc atom carries a positive charge of 0.658 e. Five H,
was placed on each Sc atom. A starting configuration
for geometry optimization is taken by attaching H, as
high as 25 around the Sc atoms above the five defects,
the hydrogen atoms remain molecular with an average
bond length of around 0.755 A with average hydrogen
adsorption energy of 0.092eV per H, calculated using
GGA-PBE functional the resulting calculation is also
verified using LDA as support and it is still in good
agreement with the adsorption requirement of hydrogen
storage.>

On the other hand, free energy values for binding
was obtained to serve as a guide to experimentalists
are shown in table 1. The free energy ranges from
GGA-0.091 to 0.649eV and LDA-0.425 to 1.326eV.
Also, the effects of TM adsorption on the magnetic
properties of CN,NT is evaluated and found that the
net magnetic moment emerges, ranging from GGA-
2.915, LDA-2.983 (for Mn/4AND-CN,NT) to 0 uB (for
Sc/, Ni/, Cu/ and Zn/4ND-CN,NT) for the net mag-
netic moment in the presence of H,, ranges from GGA-
2.364 (for V/AND-CNNT), LDA-0.870 (for Co/4ND-
CNNT) to 0 uB for the other TMs. This is rea-
sonable, because the ground states of the CN,NTs
are non-magnetic, and the net spin magnetic moment
mainly originates from the contributions of TMs. The
net magnetic moment decreases as the system takes
up a H, wherein a drastic change is experienced in
the Fe case for example where the value drops to
Zero.
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Figure 3. Surface electrostatic potentials of the nitrogen-doped carbon nanotubes functionalized with 3d-block transition
metals with and without adsorption of hydrogen using the local-density approximation.
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4. Conclusions

The structural, electronic and magnetic properties of the
(10,0) nanotube with porphyrin-like nitrogen defects
functionalized with 3d block TMs (Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn) are systemically studied, using
density functional theory. Porphyrin defects in SWCNT
caused an enhanced transition metal binding and the
chemical functionalization of all TMs is thermodynam-
ically stable. The electronic and magnetic properties
of TMs on 4ND-CN,NT can be effectively modified
which shows interesting possibilities of tailoring the
properties of CNT by TM doping. Binding of hydrogen
molecules to the composite material TM/4ND-CNxNT
was observed within the adsorption requirement of
hydrogen storage at room temperature suggesting a
potential storage media for hydrogen.
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