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highlights
 Graphite carbon nitride (g-C3N4) sheet has been investigated as H2 storage materials.
 Selected transition metals (TMs) and their dimers were used for the first time to decorate the g-C3N4 sheet.
 The stability of these TMs decorated g-C3N4 sheets have been confirmed with ab-initio molecular dynamics simulations.
 Dimers doped g-C3N4 sheet are found to be more promising for H2 storage.
 Binding energy per H2 molecule falls in the range of 0.3e0.7 eV/H2, which is ideal for practical applications.
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sheets as optimal materials with reversible and significantly high H2 gravimetric densities.
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By effectively avoiding metal-metal (M-M) clustering effect in case of mono doping, up to
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four molecules of H2 per dopant could be adsorbed with an average binding energy of
around 0.30e0.6 eV/H2, which is ideal for practical applications. Decorating the g-C3N4
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sheet with (M-M) dimers, the systems are found to be even more efficient for H2 binding
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than single dopant decoration. The stability of these M decorated g-C3N4 sheets have been
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confirmed with ab-initio molecular dynamics simulations. We have further calculated the
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H2 desorption temperatures of metal decorated g-C3N4 sheets, which confirms the practical
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application of these metal decorated sheets at ambient working conditions.
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Introduction
Hydrogen (H2) is an ideal energy carrier because it is clean,
abundant and most importantly renewable. It is expected to
be the most promising next generation energy carrier replacing the rapidly depleting fossil fuels. As a sustainable energy
carrier H2 has broad range of benefits including reduced
greenhouse gas emissions, low-cost and controlled air pollution [1,2]. Though, H2 appears to be an ideal fuel and the most
economical source of renewable energy with the highest energy per mass, it has the lowest energy per unit volume. Thus,
the challenge for H2 based economy respites in developing an
efficient H2 storage technology that could offer high volumetric and gravimetric energy density at an affordable cost
[3,4]. The current target by the US Department of Energy (DOE)
for H2 storage is parameterized with the gravimetric density
range from 5.5 wt% to 9.5 wt% [5e7]. In addition, for the robust
adsorption/desorption mechanism the ideal adsorption energy of H2 should lie in the range of 0.15e0.6 eV/H2 [5].
To meet the H2 storage targets, research groups across the
globe have been working on the design of lightweight materials, in particular the porous carbonaceous compound like
activated carbon, powdered graphite, carbon nanotubes, and
graphene related materials have drawn special attention as
efficient storage material over a wide ranges of pressures and
temperatures [5e8]. Light weight carbon-based nanostructures; in the form of tubes [2e5], fibers [6e10] and even
mechanically milled graphite [8] have been claimed to have a
large amount of H2 uptake. In this context, Ye et al. have reported single-walled carbon nanotubes (SWNTs) achieving
8.0 wt% of H2 storage at 80 K and above 100 bars of temperature and pressure, respectively [11]. Browning et al. have reported H2 storage capacity of 6.5 wt% in carbon nano-fibers
under 120 bars pressure and at ambient temperature [12]. In
these reports the H2 uptake systems require either high
pressure or very low temperature or both that limit the
applicability for practical applications.
On the other hand, enhanced H2 uptake on surface modified carbonaceous materials upon functionalization with alkali (AK), alkaline (ALK), light transition metals (TMs) as well
as non-metals (NM) has already been studied extensively
[13e16]. The H2 adsorption energies are reported to be smaller
in the case of AK and ALK decoration when compared with
TMs decoration. In case of TMs functionalization, strong hy0
bridization between the H ðs s Þ orbitals with that of low
laying empty d-orbitals of TMs leads to Kubas type complexes
ensuing enhanced H2 binding energies [17,18]. However, a
major concern with a TM functionalization is the clustering
over the host material surfaces, which leads to a lower H2
storage efficiency. Moreover, due to high molecular weights,
the TMs also result into low H2 gravimetric densities. In this
context, by using DFT calculations [2] Sigal et al. have reported
that the presence of Ni enhances the H2 adsorption capacity of
graphene sheet, however the lower energy barriers lead to the
Ni clusterization, which precludes the practical use for H2
storage. Therefore, an appropriate approach is the functionalization with lightweight TMs on 2D carbaneous material
while avoiding the metal-metal (M-M) clustering effect to
achieve high H2 storage efficiency. In this regard, first-

principles computations on Ti-grafted GO predict H2 storage
capacity of 4.9 wt% [19], where the Ti atoms bind strongly to
the oxygen sites of the GO sheet preventing TieTi clustering.
Hussain et al. have predicted that Li/Ca-doped graphane (hydrogenated graphene: CH) as a potential candidate for H2
storage, where Li-binding energy on CH is significantly higher
than the Li bulk cohesive energy which rules out the possibility of LieLi cluster formations whereas Ca doped CH reports
6 wt % the H2 storage capacity [20,21]. By using van der Waal
dispersion corrected DFT, the reversible H2 storage capacity of
graphdiyne (GDY) nanosheets functionalized with the lighter
metals like Li, Na, K, Ca, Sc and Ti has also been reported
elsewhere [22]. Furthermore, DFT calculations by Naqvi et al.
have reported high H2 storage capacity of siligraphene (SiC7)
functionalized with various AK, ALK and TMs while avoiding
the (M-M) clustering [23]. The single walled carbon nanotubes
(CNT) while functionalized with TiO2 as well as polylithiated
molecules have also been studied with high H2 storage capacities [24,25].
In another context, it has been reported that the boron
doping on graphene (BC-sheet) prevents the M-M clustering
effect, while the BC-sheet is being functionalized with both
alkaline and transition metals like Ti, Ni, Mg, and Ca for
enhanced H2 storage [26,27]. It has also been reported that the
nitrogen doping in graphene (NC-sheets) under functionalization with Pd also enhance the H2 storage capacity [28,29].
However both B and N-doping on graphene costs high formation energies, which still is a major challenge to deal with
[30,31].
Carbonaceous materials like graphitic carbon nitride (gC3N4), which is already enriched with nitrogen and uniform
pores is an interesting choice for H2 storage. The g-C3N4 could
be an attractive H2 sorbent for two reasons: firstly, its porous
structure allows easy access of H2 and secondly, the doubly
bonded nitrogen at its pore edges provides active sites for
either the adsorption of H2 (chemically and physically), or
with functionalization with metal dopants [32e34]. Using DFT
level simulation several groups have predicted the H2 storage
capacity of Li/Ti/Pd functionalized g-C3N4 sheet [35e37].
Motivated by the interesting properties of two-dimensional
g-C3N4 sheet, here by using van der Waals corrected (DFT-D)
simulation; we have investigated the structural, electronic
and H2 uptake propensity of g-C3N4 sheet functionalized with
TMs like Sc, Ti, Ni and V and their respective dimer, Sc2, Ti2,
Ni2 and V2.

Methodology
The calculations throughout this project were carried out on
the basis of spin polarized density functional theory (DFT) by
using the Vienna ab initio simulation package (VASP) [38,39].
For electrons, the exchange and correlation interaction parts
were treated within generalized gradient approximation
(GGA) by taking PerdeweBrukeeErnzerhof (PBE) functional
[40]. The interactions between electrons and the core were
described by the projector augmented wave (PAW) approach,
which treats the electronic states of C (s2p2), N (s2p1), Sc
(3p4s3d), Ti (s2p1), Ni () and V (s2p2) as valence states. To
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describe the interaction of H2 to g-C3N4 sheets, which are
weakly interacting systems, the conventional GGA-PBE would
underestimate the binding energies especially for these
hydrogen-bonded systems [41]. For such systems one needs to
incorporate the van der Waals corrections as implemented in
DFT-D within VASP, which takes care of the non-local, and
long-ranged van der Waals (vdW) forces. Here, we have
implemented the DFT-D3 method as prescribed by Grimme
[42], to accurately determine the electronic structures and
energetics of the studied systems.
We have modeled a 3  3  1 supercell of g-C3N4, which
consisted of 24 C and 32 N atoms, by using periodic boundary
conditions. A vacuum of 15 
A is maintained along the
perpendicular direction of the sheet to avoid the coupling effect with the periodic structures. For the plane wave basis set
the energy cutoff was optimized to be 500 eV. To obtain the
ground state geometries, all the structures are optimized
without any symmetry constraints by using the conjugate
gradient (CG) algorithm. The atomic positions and lattice parameters are optimized with energy convergence criterion of
105 eV between two ionic steps and the forces are converged
with the maximum force on each atom to be 0.001-eV/
A. For
the total energy calculations the Brillouin zone is sampled in
the k-space within Monkhorst-Pack scheme by a dense grid of
5  5  1 [43].
The binding energy Eb of the metals (Ti, Sc, Ni, V) to the gC3N4 sheet is calculated as follows,
 

Eb ¼ EðDFTÞgC3 N4 M  E DFT gC

3 N4


 i
þ nE DFT
M

(1)

Here, EðDFTÞgC3 N4M and EðDFTÞgC3 N4 represents the KohnSham (KS) DFT energy of g-C3N4 sheet functionalized with
metals M (Ti, Sc, Ni, V) and that of pristine g-C3N4 sheet,
respectively. Here EðDFTÞM represents the energy of metal
atoms and n presents the number of functionalized atoms.
The H2 adsorption energy (Eads ) to the functionalized sheet
is calculated as follows.



Eads ¼ EgC3 N4 MnH2  EgC3 N4 M þ nEH2

n

(2)

Here, EgC3 N4 MnH2 is the energy of hydrogenated g-C3N4

3037

sheet functionalized with metals M, EgC3 N4 M is the energy of
functionalized g-C3N4 sheet and EH2 and n presents the energy
of H2 and number of H2 molecules respectively.

Result and discussion
The optimized structure of the g-C3N4 sheet having two types
of CeN bonds of bond length 1.39 and 1.47 
A and with NeCeN
and CeNeC bond angles as 122.0 and 119.0 respectively is
presented in Fig. 1(a). Fig. 1(b) shows the spin-polarized
deinsity of states (SPDOS) of pristine g-C3N4 shows nonmagnetic behavior with a band-gap of Eg of 1.2 eV. The underestimation in Eg compared to the reported Eg of 2.3 eV [44] is
due to the shortcoming of the PBE functional to estimate the
accurate Eg.
Since the pristine g-C3N4 has weak affinity towards H2, it is
functionalized with the dopants M (Sc, Ti, Ni, V) and their
corresponding dimers M2 (Sc2, Ti2, Ni2, V2). The most stable
configurations of the M dopants on g-C3N4 were investigated
by exploring all available binding sites like bigger hole (Bhole), smaller hole (s-hole), carbon top (C-top), nitrogen top
(N-top), CeN bridge. As the M functionalization at B-hole was
energetically more favorable as compared to all other configurations, hereafter functionalization at B-hole systems are
only discussed for structural, electronic and H2 storage applications. The optimized structures of Sc, Ti, Ni, and V
functionalized g-C3N4 (g-C3N4@M) are shown in Fig. 2 (a), 3 (a),
4 (a) and 5 (a), respectively. Most of the g-C3N4@M sheets retain
their planner structure, with slight structural rearrangements.
The binding energies (Eb) values of the dopants (M) and dimers
(M2) over g-C3N4 have been calculated by using the relation (1)
and the results are summarized in Table 1. The calculated Eb
values for Sc, Ti and Ni to geC3N4esheet are much higher than
their binding to graphene, graphdiyne and boron carbide
sheets [13,15].
For an efficient and reversible binding mechanism, Eb of M
on g-C3N4 should be higher than the corresponding M-M
cohesive energies (Ec), i.e. [Eb/Ec > 1]. In the case of Eb/Ec < 1,
the M-M clustering would prevent binding of M to g-C3N4. A

Fig. 1 e (a) Ground state structure of g-C4N4 Grey: C, Golden brown: N (b) spin-polarized density of states (SPDOS) of g-C3N4.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@Sc. Grey: C, Golden brown: N,
Purple: Sc. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

reasonably high M-M distance also ensures the uniform distribution of M over g-C3N4 and each M (or M2) would act as an
individual active site for the H2 adsorption.
The electronic properties of Sc, Ti, Ni and V functionalized
g-C3N4 are depicted in the SPDOS plots as Figs. 2(b), 3(b), 4(b)
and 5(b), respectively. In all the four g-C3N4@M systems there
is a transition from semiconducting state to metallic state. In
the case of g-C3N4@Sc, the SPDOS plot depicts a strong hybridization between Sc-3d and Sc-4s states with both C-2p and
N-2p states at the Fermi level. The Sc-4s states dominate at the
Fermi level. With Sc doping, there is shift for both spin up C-2p
and N-2p states from Fermi to conduction band region. Bader
analysis, revels a charge transfer of 0.3e from Sc to the g-C3N4.
The bulk portion of this transferred charged was accumulated
by the N atoms, which are in the close vicinity of the dopants

Sc. This transfer of charge from spin down states of Sc-4d
makes the Sc as a cationic entity (Scþ).
From the SPDOS plot in Fig. 3 (b) the hybridization between
Ti-3d states with that of C-2p and N-2p states near the Fermi
energy explains the strong binding of Ti to the g-C3N4 (Table 1).
Bader analysis revels a significant charge transfer from the Ti
atoms, which was mainly accumulated over the N-atoms of gC3N4@Ti sheet. Similarly, the SPDOS plot in Fig. 4 (b) of gC3N4@Ni sheet depicts Ni-3d states being hybridized with that
of C-2p and N-2p states. Bader analysis shows that, similar to
Sc and Ti, the Ni dopants lose their electronic charge to the gC3N4. The charge clouds are getting accumulated to the spindown states of Ni-3d as well as N-2p states as evident from
the SPDOS plot at the Fermi level. In case of g-C3N4@V, the
SPDOS plot depicts the hybridization between V-3d states with
that of C-2p and N-2p states at the Fermi level.

Fig. 3 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@Ti. Grey: C, Golden brown: N,
Cyan: Ti. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 4 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@Ni. Grey: C, Golden brown: N,
Ash grey: Ni. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Table 1 e Binding energies of M and M2 dopants on gC3N4 nanosheets. The experimental cohesive energies
are also given.
System

Sc
Ti
Ni
V

M-M Bulk
cohesive
energy (Ec) eV

Binding
energy (Eb)
per M (eV)

Binding
energy (Eb)
per (M2) (eV)

3.90
4.85
4.44
5.31

7.26
6.97
3.01
8.27

8.36
10.67
4.43
6.42

To ensure the thermal stability of functionalized g-C3N4@M
sheets we have performed ab initio molecular dynamics
(AIMD) simulations on all the four sheets by using Nosethermostat algorithm at 400 K for 6 ps with a time step of
1fs. The g-C3N4@M sheets are predicted to remain stable

without any structural deformation as evident from a small
variation in the energies as shown in Fig. 6.
The optimized structures of g-C3N4@M2 are presented in
Figs. 7(a), 8(a), 9(a) and 10 (a) respectively, and the Eb values are
presented in Table 1. In case of Sc2 and Ti2 functionalization,
the g-C3N4 maintains the planner structure however small
buckling is observed in case of Ni2 and V2. Compare to single
atom functionalization, the dimers are found to have stronger
binding to the g-C3N4
Similar to the case of g-C3N4@M, we have studied the
electronic properties of g-C3N4@M2. In case of geC3N4eSc2,
from the SPDOS plots in Fig. 7 (b) it is evident that C-2p states
strongly hybridizes with that of Sc-3d and Sc-4s states, which
are mostly dominating near the Fermi region. Bader analysis
shows that both the Sc in the g-C3N4@Sc2 loses charge of 0.5e
each and act individual cationic entity. The SPDOS plot of gC3N4@Ti2 sheet in Fig. 8 (b) shows the hybridization between

Fig. 5 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@V. Grey: C, Golden brown: N,
Red: V. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 6 e AIMD plots of (a) g-C3N4@Sc, (b) g-C3N4@Ti, (c) g-C3N4@Ni, (d) g-C3N4@V. The structures of geC3N4eM having high
thermal stability and with dopants in cationic states are capable to anchor multiple H2 molecules. Motivated by the strong
binding of single M on the g-C3N4, we have studied the binding mechanism of dimers M2 (Sc2, Ti2, Ni2, V2) on g-C3N4 sheet. It
would increase the active binding sites for further H2 adsorption and enhance the storage capacity.

C-2p and N-2p states with that of Ti-3d states and there is
charge transfer to the spin-up C-2p states. Both the Ti atoms in
g-C3N4@Ti2 configuration lose a charge of 0.6 e each. In the
case of g-C3N4@Ni2 the SPDOS plot in Fig. 9 (b) shows the hybridization between Ni-4s and N-3d states with that of C-2p
and N-2p states near the Fermi level. There is a charge accumulation in the spin-down states of Ni-3d states, which is also
confirmed by bader charge analysis. Each Ni of g-C3N4@Ni2
loses a charge of 0.7e each. From the SPDOS plot of g-C3N4@V2,

the valence band region depicts hybridization between V-3d
with that of C-2p states. It is found that the each V in gC3N4@V2 loses charge of 0.4 e each, which is accumulated by
the N atoms of g-C3N4.

Hydrogenation of M functionalized g-C3N4
This section emphasizes on the adsorption of H2 to each of
the g-C3N4@M as well as g-C3N4@M2 sheets. As the dopants M

Fig. 7 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@Sc2. Grey: C, Golden brown: N,
purple: Sc. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 8 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@Ti2. Grey: C, Golden brown: N,
Cyan: Ti. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

and M2 are in cationic states, by donating a portion of their
charges to the g-C3N4, and are able to polarize the adsorbing
H2 molecules and bind them through electrostatic attractions. The polarization alters the HeH bond length of H2 in all
the metal decorated g-C3N4 systems. For example in case of
C3N4@Sc-6H2, the HeH bond lengths elongates from 0.75 to
0.78 
A, whereas in C3N4@Tie6H2, the average HeH bonds
elongates further to 0.90 
A. Similarly, C3N4@Ni and C3N4@V
lengths the average HeH bonds to 0.86 and 0.84 
A, respectively. We have studied the adsorption mechanism of H2
molecules on each of the M and M2 simultaneously. The
hydrogenation process takes place in step-wise manner. First
a single H2 is introduced on each M and the systems are
allowed to optimize completely. After attaining structural
optimization with single H2, the second H2 is introduced to

the g-C3N4@M  H2 and the system is again relaxed
completely. This process continues until the systems reach
to their saturation, that is a stage when the further exposure
of H2 are repelled due to the existing polarized H2 molecules.
All the hydrogenated systems of M (Sc, Ti, Ni, V) functionalized g-C3N4 (geC3N4eM and g-C3N4@M2), with one and twosided coverage are shown in Figs. 11 and 12 respectively.
We have concluded that a maximum of 6H2 and 12H2 molecules could be adsorbed on one and two-sided coverage of
geC3N4eM, respectively. The Eads values of H2 to geC3N4eM
sheets are presented in Table 2. We can find that in case of M
functionalization, the Eads values are in the range of
0.1e0.3 eV/H2, which are on the lower sides. However in case
of M2 functionalization g-C3N4 sheets (geC3N4eM2) a
maximum of 12H2 molecules could be adsorbed with Eads

Fig. 9 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@Ni2. Grey: C, Golden brown: N,
purple: Sc. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 10 e (a) Ground state structure and (b) spin polarized density of states (SPDOS) of g-C3N4@Sc2. Grey: C, Golden brown: N,
Red: V. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

values in the range of 0.6e0.9 eV/H2, which are very promising. Similar to the cases of hydrogenated geC3N4eM, there
is an elongation in HeH bonds in case of H2 adsorbed geC3N4eM2 systems. Here the HeH elongation is more pounced as
compared to the geC3N4eM. Ground state structures of hydrogenated geC3N4eM2 are shown as Fig. 11(aed). Tremendous improvement in H2 adsorption over geC3N4eM2 clearly
indicate that the introduction of selected M dopants, either
monomers or dimers, transforms the g-C3N4 sheets from
non-responsive to efficient H2 storage mediums.

Furthermore, to estimate the desorption conditions of the
adsorbed H2 molecules on geC3N4eM and geC3N4eM2, we
have calculated the desorption temperatures by using van’t
Hoff equation as given below [45].
Td ¼

Eb DS
kB R

1

In this relation.

Fig. 11 e (a), (b), (c), (d) Top and side view of optimized hydrogenated geC3N4eM sheets with M (Sc, Ti, Ni, V). Grey: C, Golden
brown: N, Purple: Sc, Cyan: Ti, Grey: Ni and Red: V. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 12 e (a), (b), (c) (d), {left panel} Top and side view of optimized hydrogenated geC3N4eM2 sheets with M (Sc, Ti, Ni, V) and
{right panel} the corresponding isosurface charge density plots. Grey: C, Golden brown: N, Purple: Sc, Cyan: Ti, Grey: Ni and
Red: V. Sea-green: charge depletion and Yellow: charge accumulation. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Table 2 e Van der Waals corrected adsorption energies per H2 molecules of g-C3N4@M and g-C3N4@M2 and the
corresponding desorption temperatures.
System

Sc
Ti
Ni
V

Binding Energy per H2 (eV)

Desorption Temperature (K)

Single-Side

Double-Side

Dimers

Single-Side

Double-Side

Dimers

0.13
0.02
0.38
0.12

0.21
0.16
0.27
0.05

0.69
0.93
0.46
0.28

166
25.6
486
154

269
205
345
64

883
1190
589
358

Eb ¼ Van der Waals corrected H2 adsorption energies (in J
per H2 molecule)
R ¼ Universal gas constant
kB ¼ Boltzmann constant
DS ¼ Change of H2 entropy from gas to liquid phase (75.44 J/
mol/K)

Summary
In summary, by using spin-polarized DFT-D2 level of
simulation the structural, electronic properties and the
charge transfer and H2 adsorption mechanism of metal
functionalized g-C3N4 sheets was explored. Our calculations
predict that g-C3N4 binds fairly to metals dopants like Sc, Ti,
Ni and V and even more strongly to their respective dimer
structures, which is much higher than the dopant’s experimental cohesive energies. Therefore a uniform coverage
effect is possible to be achieved for these metals dopants on

g-C3N4 while avoiding metal-metal clustering effect. The
AIMD simulations at 400 K confirm the thermal stabilities of
all the four metal functionalized g-C3N4 sheets. Bader
charge analysis reveals a significant charge transfer from
the metal dopants to the N atoms of the g-C3N4 sheet. As a
result the metal dopants act as cationic entity having high
affinity towards the H2 molecules while polarizing them.
Compare to monomers, dimers functionalization to g-C3N4
sheet are found to be more promising for H2 storage as
binding energy per H2 molecule falls in the range of
0.6e0.9 eV/H2.
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