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� Y atom bind strongly at hollow

porous space of g-C3N4 with bind-

ing energy �6.85 eV.

� Maximum of 9H2 molecules

adsorbed on gCN þ Y system with

wt % of hydrogen as 8.55.

� Average desorption temperature of

384.24K, optimum for fuel cell

application.

� Y doped g-C3N4 stable at higher

temperatures upto 500K verified by

MD simulations.

� Charge donation from Y to H2 is

due to the Kubas interactions.
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a b s t r a c t

With the aid of the state-of-the-art Density Functional Theory simulations, triazine-like

graphitic carbon nitride or g-C3N4 (abbreviated as gCN hereafter) nanosheet decorated

with Y has been explored for reversible hydrogen storage applications in light fuel cell

vehicles. The Y atom is found to bind strongly with gCN (binding energy ~ �6.85 eV), can

reversibly store 9 H2 with an average adsorption energy of �0.331 eV/H2, an average

desorption temperature of 384.24 K, and a storage capacity of 8.55% by weight, optimum for

fuel cell application as prescribed by the Department of Energy. The bonding of Y on gCN

involves a charge transfer from Y 4d orbitals to C and N 2p orbitals, whereas the adsorption

of H2 is due to Kubas interactions involving net charge transfer from Y 4d orbital to H 1s

orbital. We have computed the diffusion energy barrier for Y atoms as 3.07 eV, which may
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Molecular dynamics
Fuel cell application
prevent metal-metal clustering. Further, ab-initio molecular dynamics simulation has been

performed to check the structural stability of the present system. The system is found to be

stable at 500 K with different concentrations of Y doping. The present system with the

appropriate average adsorption energy per H2, suitable desorption temperature, and

structural stability at higher temperatures is promising for onboard light fuel cell

applications.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The global energy and climate crises have prompted a search

for alternative fuels that do not emit carbon dioxide or carbon

monoxide [1]. Hydrogen, being highly energy-intensive and

abundantly available by photo- or electro-lysis of water is

considered to be a highly potent fossil fuel alternative [2e7].

With an energy density higher than known hydrocarbon-

based fuels, and the possibility of combustion to produce

only water as a by-product, hydrogen as a fuel is appealing to

the current societal needs [8,9]. Further, it can be integrated

into fuel cells, allowing for its use as a transport fuel in Fuel

Cell Vehicles (FCVs). However, for light vehicles, the ideal

transport fuel must have certain characteristics to be

accommodated onboard. Hydrogen in its compressed gaseous

or liquid form can be stored in cylinders under pressure;

however, these are bulky and inconvenient for light vehicles.

A popular technique for liquid storage [10] is Liquid Organic

Hydrogen Carriers (LOHCs) in which hydrogen lean molecules

act as adsorbents via chemisroption for hydrogen storage,

accompanied by hydrogen release through catalytic dehy-

drogenation [11]. Although, these systems are attractive, their

low hydrogen storage capacity can limit their applicability

[12]. Recently, Tarhan et al. [13] has compared the various

onboard hydrogen storage methods and concluded that solid

state storage is more promising than other techniques. Thus,

a better solution for onboard hydrogen storage and transport

for light vehicles is its reversible adsorption on a solid sub-

strate. Hydrogen adsorption in a reversible manner requires

the substrate material to load hydrogen at low temperatures

and high pressures, and unload upon requirement through

triggers such as elevated temperatures and low pressures. In

this respect, the United States Department of Energy (DoE) [14]

has prescribed requirements for substrate materials that can

be used for onboard hydrogen storage applications, wherein

an average adsorption energy between 0.2 and 0.7 eV per H2,

desorption temperatures of ~400 K, and storage capacity >
6.5% by weight, are included.

Metal hydrides have been extensively studied for hydrogen

storage applications. In the case of metal hydrides, hydrogen

forms a chemical bondwithmetal ormetal alloys. Magnesium

hydride shows a high energy density as compared to other

metal hydrides with a reversible hydrogen storage capacity of

7.7% [15e17]. Chemisorbed hydrogen may give excellent

gravimetric hydrogen storage capacities well above the DOE's
requirements; however high desorption temperatures and

sluggish adsorption-desorption kinetics are the major
deterrents [18,19]. Intermetallic systems like alloys are also

being explored to overcome the shortcomings of metal hy-

drides. These intermetallic alloys (AmBnHx where A and B are

metals) have shown promise towards onboard hydrogen

storage applications, particularly of the types AB2, AB5, and

A2B [20]. Hydrogen storage capacities of some common

intermetallic hydrides like LaNi5H6, FeTiH2, Mg2NiH4, and

ZrMn2H2 are 1.37, 1.89, 3.59, and 1.77% respectively, falling

short of the required capacity set by DoE [21].

Carbon nanomaterials like activated carbon, graphite,

graphene, graphyne, MWCNT, fullerenes, MXene etc., have

also been explored in this respect [7,22e29]. Activated carbon

is a high-performance material with a large specific surface

area of 3000m2/g and nanoscale pores of about 1 nm or lesser,

consisting of nanocrystallites of graphite and amorphous

carbon. Storage capacities for hydrogen of up to 5.7% have

been attained [30]. Various studies also directed towards

enhancing adsorption properties by metal doping and chem-

ical treatments, with KOH treated, Ni-doped, Pd-doped, and

Pd-doped activated carbon providing hydrogen storage ca-

pacities of 6.6, 1.8, 2.3, and 5.5% respectively [23e25,31]. The

most optimum performance of activated carbon requires

lower temperatures of ~77 K which may be unfavorable for

onboard hydrogen storage applications [32].

Metal doped/decorated carbon nanotubes have been

investigated for hydrogen storage applications. Multiwalled

carbon nanotubes (MWCNT) with Pd nanoparticle decoration

were reported to show 6 wt% hydrogen storage capacity.

Theoretical investigations of Ti- and Y- doped SWCNT

revealed 5.7 [33] and 6.1% [34] capacity respectively, with

binding energies of 0.18 eV and 0.41 eV per H2. The advent of

graphene paved the way for developing two-dimensional (2D)

materials for hydrogen storage applications. Two-dimen-

sional materials are especially suited for the purpose due to

their high specific surface area, and often enhanced electronic

properties that allow for stronger hydrogen binding that

makes the loading and unloading of hydrogen on these ma-

terials apt [35,36]. Graphene presents excellent opportunities

in electron-exchange type interactions with hydrogen for

storage applications owing to the surface moieties at its sheet

edges, rendering the material with unusual electronic prop-

erties. As compared to pristine graphene, however, the pres-

ence of metal doping or impurities can allow for the spillover

effect enhancing hydrogen storage capacities [27].

Recently, modified pentagraphene has been explored for

its hydrogen storage potential with N-doped pentagraphene

decorated with Li giving an output of 7.88% hydrogen storage,
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with adsorption energy of hydrogen falling in the range of

0.1e0.4 eV [37]. Another Li-decorated graphene-based

hydrogen storage substrate was developed computationally

using porous graphene frameworks using three different

organic linkers with 4,40,400-(benzene-1,3,5triyl-tris (ben-

zene-4,1-diyl))tribenzoate (BBC))-based graphene structure

with 160 Li atoms. It showed an excellent hydrogen uptake

capacity of 4.26% at ambient temperatures and 100 bars

pressure [28]. Few-layered graphene (FLG) prepared by a novel

plasma-induced exfoliation showed a hydrogen storage ca-

pacity of about 2 wt% at 77 K [38]. Vinayan et al. prepared N-

doped graphene by in situ synthesis, and carried out Pd

decoration through a green synthesis method. The resulting

heterostructure gave 4.5 wt% hydrogen storage capacity at

room temperature and 4 MPa pressure [39]. By incompletely

etched MXene using hydrofluoric acid, a multilayered Ti2CTx

has been proposed as a superior hydrogen storage material

with hydrogen uptake of 8.8 wt% at room temperature and

60 bar H2 [22], which retains ~4 wt% hydrogen even at ambient

conditions (25 �C, 1 bar air).

Density-functional-theory-(DFT)-based studies have also

been conducted on graphene sheets. Ti-decorated sheets of

porous graphene demonstrate hydrogen storage ability of

6.11 wt% through theoretical studies [40]. Another DFT study

involving Ti-doping investigated the hydrogen storage capa-

bilities of the recently proposed j-graphene, which gave

excellent storage capacities of 13.14 wt% and a binding energy

of �0.3 eV per H2 [41]. Ti- and Zr-doped graphene gave 7.8 and

11 wt% hydrogen storage capability respectively with binding

energies of 0.42 eV and 0.34 eV per hydrogen molecule.

Another novel material, Zeolite templated carbon (ZTC) has

shown promise in hydrogen storage applications, with Li-

functionalized ZTC giving a gravimetric storage capacity of

6.78% [42], while another work by the same group involved a

ZTC vacancy substituted by boron as a potent hydrogen

storage substrate giving a storage capacity of 6.55 wt% and

binding energy of ~0.2 eV per H2 [43].

Heterostructures of carbon and nitrogen such as triazine

frameworks have been reported as potential hydrogen storage

substrates [44]. Zr-decorated covalent triazine frameworks

(CTF-1) have shown promise in a DFT-based study, with a

binding energy of ~0.4 eV, storage capacity of 7.1%, and a

desorption temperature of 442 K [45]. Li-doped g-C2N has been

reported as a potential hydrogen storage substrate giving a

maximum gravimetric hydrogen uptake of 7.8% [46]. Another

work involved Mg decoration over g-CN that had a heptazine

structure, was found to give favorable hydrogen storage of

7.8% with binding energies ranging from ~0.13 to 0.28 eV [47].

The presence of heteroatoms like N in a carbon-based

framework can invoke the heteroatom effect, thereby modi-

fying the electronic properties of such materials, which could

translate to an improved performance in applications

involving charge-based interactions [48].

Graphitic carbon nitride is another potent and promising

material for energy storage applications [49]. Triazine-based

graphitic carbon nitride (gCN) is a polymeric semiconductor

consisting of alternating CeN bonds forming hexagonal

triazine rings linked to one another through bridging N atoms

forming a highly porous substrate. The entire 2D structure

being sp2 hybridized lends aromaticity to the structure, as well
as high electron mobility due to the p-electron cloud formed

above and below the plane [50]. Further, gCN offers a tunable

and narrow bandgap opening up avenues for various elec-

tronic applications. Moreover, gCN can be synthesized by

facile methods and has high stability. Tan et al. (2015) pro-

posed a switch mechanism for loading and unloading

hydrogen with hydrogen adsorption capacity of 6e7 wt% by

First Principles calculations [51]. Nair et al. (2015) achieved a

room temperature storage capacity of 3.4 wt% at pressures of

up to 4MPa in Pd nanoparticle decorated gCN [52]. If decorated

or doped with early transition metals, Kubas bonding [53] can

be invoked, wherein a charge transfer from the bonding mo-

lecular orbitals of hydrogen towards the vacant TM d orbitals

occurs, follwed by a back donation of charge from the TM

d orbitals towards the vacant antibonding molecular orbitals

of hydrogen [54].

In this work, by First Principles investigations, we have

decorated gCN with Y atom to enhance the electronic prop-

erties and adsorption capacity towards hydrogen for revers-

ible, onboard storage applications in light FCVs. We have

analyzed the optimum locations for the Y atom to relax over

the gCN structure using their corresponding adsorption en-

ergies and investigated the binding mechanism of Y over gCN

through charge transfer analysis and density of states (DOS)

analysis. We have arrived at the maximum hydrogen storage

capacity by consulting the average adsorption energies of

hydrogen on methodical loading of hydrogenmolecules on Y-

decorated gCN (Y-gCN). The binding mechanism of hydrogen

over Y-gCN has also been investigated. Further, we have

addressed the possibility of Y clustering over gCN by

computing the diffusion energy barrier for its movement

across the gCN plane. Practical feasibilities of the system, such

as stability at the highest desorption temperature have been

examined by ab-initio Molecular Dynamics (MD) simulations

conducted at 500 K.
Computational details

All DFT calculations in this work were conducted by the

Vienna ab initio Simulation Package (VASP) code [55e57],

making use of the Projector Augmented Wave (PAW) method.

We used a 3 � 3 supercell of triazine based g-C3N4 (gCN)

having cell dimensions of 14.37 �A � 14.37 �A with the inter-

ference of periodic layers avoided by inserting an interlayer

vacuum of 20 �A. The convergence study for vacuum inserted

in z-direction is provided in supplementary data Table S1. The

basis set restriction was accomplished by a planewave-cut off

set to 500 eV, and a 7 � 7 � 1 K-point mesh of the Monkhorst-

Pack special scheme was used to sample the Brillouin Zone.

The detailed convergence study of the cut-off energy and

Kpoints is given in Supplementary Table S2. Geometric opti-

mization was conducted by conjugate gradient methods with

a convergence criterion of 0.01 eV/�A for interatomic forces and

10�5 eV for total energy. The accuracy of DFT simulations is

highly sensitive to the choice of the exchange-correlation

functional used. The Local Density Approximation (LDA)

tends to overestimate binding interactions because it ap-

proximates the electron density to a homogeneous electron

cloud [58]. The Generalized Gradient Approximation (GGA)

https://doi.org/10.1016/j.ijhydene.2022.04.184
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underestimates binding energy as it considers a gradient of

electron density. Long-range interaction forces like van der

Waals (vdW) become highly relevant in weak-field in-

teractions which may occur in hydrogen adsorption over

substrate materials. To improve on the exchange-correlation

functional as best as possible, we have used the GGA func-

tional as described by Perdew et al. (PBE-GGA) [59,60], and

accounted for long-range forces employing additional

dispersion corrections as prescribed by Grimme's DFT-D2

scheme [61]. For a more accurate computation of the

bandgap, we have used the hybrid functional described by

HeydeScuseriaeErnzerhof (HSE06) which contains a part of

the exact Hartree-Fock exchange energy [62].
Results and discussion

Structure and properties of gCN

A 3� 3 supercell of gCNmade of 27 atoms of C and 36 atoms of

N (for more details on the atomic positions of the supercell,

refer to the supplementary data) was geometrically optimized,

the structural plot of which is represented in Fig. 1 (a and b).

The structure is found to be planar, with p conjugation over

the plane as each C and N atom in the structure is sp2 hy-

bridized, with lattice parameters of 14.37 �A � 14.37 �A upon
Fig. 1 e Relaxed structure of gCN in top view (a), side view

(b), and TDOS of relaxed gCN with C and N atoms

represented by orange and green spheres respectively by

GGA-PBE exchange-correlation functional in the top panel

and HSE06 hybrid functional in the bottom panel (c). Fermi

level is set to zero eV. (For interpretation of the references

to color in this figure legend, the reader is referred to the

Web version of this article.)
relaxation. The average CeN bond length is found to vary

within the ring and bridging CeNeC bonds as 1.33�A and 1.47�A

respectively, corroborating reasonably well with the previ-

ously reported value of 1.32 �A and 1.44 �A in theoretical work

[63]. To investigate the electronic and magnetic properties of

the system, a total density of states (TDOS) analysis was car-

ried out as displayed in Fig. 1(c). From the TDOS plot, it is

apparent that the material is non-magnetic owing to the spin

symmetry in the UP and DOWN spin channels, and has a

bandgap of 1.6 eV by the GGA-PBE functional, which is lower

than the experimentally reported value of 2.72 eV. The dif-

ference in the bandgap of theoretical work and experimental

work can be attributed to drawbacks in the exchange-

correlation functional which vastly underestimates band

gaps [45]. Exchange correlation functionals with a part of the

Hartree-Fock estimations as implemented in hybrid func-

tionals give more accurate estimations of the bandgap. In this

case, we have computed the bandgap by DOS analysis using

the Heyd-Scuseria-Ernzerhof (HSE06) [64] hybrid functional as

2.868 eV, which matches well with the experimentally re-

ported value of 2.72 eV [65].

Decoration of Y on gCN

The relaxed structure of gCN was then used for investigating

the interactions between Y and gCN. A single Y atom was

placed at a distance of 2 �A above the plane of gCN, and the

resulting structure was allowed to relax. To identify the most

likely locations of decoration of Y atomon the gCN surface, we

selected four possible locations, A- hollow above triazine

rings, B- bridge site of CeN bonds, C- bridge site of triazine

CeN bonds, and D- hollow between three triazine rings. The

doping locations are depicted in Fig. 2(a). All four resulting

structures were relaxed and the binding energy of the Y atom

over gCN was calculated for all cases using the following

mathematical expression:

Eb ¼ EgCNþY � EgCN � EY (1)

where EgCNþY, EgCN, and EY are respectively, the energy of Y-

decorated gCN, the energy of gCN, and the energy of an iso-

lated Y atom. The stability of the structure can be judged from

themore negative binding energy as a result of the lowering of

EgCNþY as compared to its counterparts. The most negative

binding energy signaling the optimum decorating location is

found to be at the top site between three triazine rings or

location D, with a binding energy of �6.852 eV. The relaxed

structure of gCN þ Y in this location (hereby mentioned as

gCN þ Y) is represented in Fig. 2(b).

In the relaxed structure of gCN þ Y, the Y atom is found to

align at the top site of the hollow such that the average dis-

tance between Y and N atoms of neighboring triazine rings is

2.294 �A. The introduction of Y is also accompanied by a slight

distortion of planarity, evident from the relaxed gCN þ Y side

view in Fig. 2(b). The average CeN bond lengths in the

neighboring triazine rings distend to 1.36 �A while the bridging

CeN bonds remain more or less at the same length. Besides

structural changes, the changes in electronic and magnetic

properties of gCN on decorating with Y are explored in the

TDOS analysis represented in Fig. 3. Y-decoration brings with

https://doi.org/10.1016/j.ijhydene.2022.04.184
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Fig. 2 e Various locations for placing Y atom over the relaxed structure of gCN (a), Relaxed structure of gCN þ Y in most

favorable binding location, with Y atoms represented by purple sphere (b). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

Fig. 3 e TDOS of gCN (top panel) compared with that of

gCN þ Y (lower panel). Fermi level is set to zero eV.
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it a reduction in band gap to 0.17 eV, a loss of symmetry in UP

and DOWN spin channels resulting in a netmagneticmoment

of 1mB, as well as some enhancement of states at the Fermi

level and around �2 eV in the valence band.

Adsorption of hydrogen over Y-gCN

Now, to the relaxed gCN þ Y an H2 molecule is introduced at a

distance of 2 �A followed by systemic relaxation. The relaxed

structure of gCN þ Yþ 1H2 is depicted in Fig. 4(a). The H2

molecule adsorbs over gCN þ Y with an average YeH distance

of 2.455�A,whereas the average YeNbond distances distend to

2.361 �A. The bond length between HeH in a free hydrogen

molecule is 0.75 �A, whereas upon adsorption over Y-gCN, the

bond elongates slightly to 0.77 �A; however, the elongation

occurs without dissociation of H2. The adsorption energy of

hydrogen molecule over gCN þ Y was calculated utilizing the

following expression:

Ead ¼
�
EgCNþYþnH2

�EgCNþY �nEH2

� �
n (2)

where Ead, EgCNþYþnH2
, and nEH2

represent average adsorption

energy (eV/H2) of hydrogen over gCN þ Y, the energy of

gCN þ Y þ nH2, and the energy of free nH2 molecules respec-

tively. The average adsorption energy of the first adsorbed
hydrogen was computed to be �0.672 eV while for the 9th H2

molecule it is �0.331 eV. The adsorption energy for the first H2

molecule is higher than that for the others. There is a decrease

of adsorption energy to �0.2 to �0.4 eV for the farther nH2

(n ¼ 4e9) molecules. This is indicative of an easy desorption

for most of the H2 molecules within the desirable adsorption

energy range [66]. We then introduced H2 step-wise over

gCN þ Y with systemic relaxation carried out at each stage. It

was found that gCN loaded with Y atom (surface þ metal) can

adsorb a maximum of 9 H2 reversibly. The relaxed structures

for gCN þ Yþ 3H2 to gCN þ Yþ 9H2 are depicted in Fig. 4(bee)

respectively. The first H2 is adsorbed at an average distance of

2.45�A from the Y atom. The farthest H2molecules adsorb at an

average distance of 4.1e4.3 �A from the Y atom. The corre-

sponding average HeH bond distances for the adsorbed

hydrogenmolecules elongate to 0.78�A from the initial value of

0.75 �A indicating charge transfer and adsorption by all H2

molecules. For more details about the HeH and YeH bond

distances for nH2 (n ¼ 1e9), refer to Supplementary Table S3.

The vertical distance between Y and the plane of the gCN

sheet with no H2 and withmaximumH2 elongates from 2.30 �A

to 2.34 �A, respectively. The slight increase in the vertical dis-

tance (0.04 �A) is in agreement with a previously reported

double carbon graphene doped Y hydrogen adsorption system

[66]. Since the position of Y changes after H2 adsorption, hy-

drogens are absorbed not only by the Y atom but the overall

adsorption is on the surface þ metal system. To compute the

maximum H2 uptake, we have considered the average

adsorption energy as an essential criterion for fulfilling the

DOE's requirements. Further, the other criteria as earlier

suggested by Fair et al. [66] such as i) the distance between 1st

and last H2 from the dopant, ii) vertical distance between the

metal atom and the plane of the gCN sheet with no H2, the

same quantity but with maximum H2, iii) the ranges of HeH

bond distances, iv) the charge transfer analysis (refer charge

density plots provided below), and v) the estimatedmaximum

H2 storage capacity from ab initio MD study (Supplementary

Fig. S1) have been considered to verify the overall uptake of

9 H2 molecules by the gCN þ Y system.

From an inspection of the optimized atomic structures (tak-

ing into account dopant to nH2 distance) and the corresponding

change intheadsorptionenergy, themaximumuptakeofH2can

be considered. TheHeHbondelongations, charge density plots,

and MD simulations with maximumH2 uptake further support

https://doi.org/10.1016/j.ijhydene.2022.04.184
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Fig. 4 e Relaxed structural plots of gCN þ Yþ1H2 (a), gCN þ Yþ3H2(b), gCN þ Yþ5H2 (c), gCN þ Yþ7H2 (d) and gCN þ Yþ9H2

(e) with hydrogen atoms represented by black spheres.
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ourmaximumH2adsorptionestimates.Wehavenotconsidered

the 18 electron rule formaximumH2 uptake because itmay not

bevalid for interactionsbetweenmetaland ligandsassuggested

by Fair et al. [66]. The average adsorption energy calculated for

the 9 adsorbed H2 was found to be �0.331 eV which lies within

the range suggested by the DOE. The average adsorption energy

curve using both GGA and GGA þ vDW for the H2 molecules

ranging from 1H2e9H2 is presented in Fig. 5.

Computation of desorption temperature & hydrogen weight
percentage

The temperature of desorption of hydrogen from gCN þ Y can

be computed using the van't Hoff equation [48e50]:

Td ¼
�
Eb

kB

��
DS
R

� ln P

��1

(3)

where Td, Eb, kB, DS, R, and P are the desorption temperature,

binding energy, Boltzmann constant, entropy change of
condensation of hydrogen, ideal gas constant, and pressure

respectively. Themean calculated desorption temperature for

the system is found to be 384.24 K at ambient pressures, which

is optimum for fuel cell applications. To compute the

hydrogen storage capacity of gCN þ Y, we employed an

alternate loading pattern of Y over gCN, wherein only alter-

nate hollow spaces in between three triazine rings were

decorated with Y, placing sufficient distance between neigh-

boring Y atoms to prevent cohesive interactions that can lead

to dimerization or clustering. The gravimetric storage capacity

of gCN þ Y, with Y decoration above and below the plane

surface, is calculated to be 8.55%, which is higher than the

DOE's requirement of 6.5% or higher for onboard hydrogen

storage in light FCVs. We have presented the gCN loaded with

9 H2 molecules for 8 Y atoms situated symmetrically above

and below the plane in Fig. 6 with gravimetric weight percent

of 8.55. For further details, we have provided the comparison

table with the previous reported values and present work in

Table 1.

https://doi.org/10.1016/j.ijhydene.2022.04.184
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Fig. 5 e Average adsorption energy variation for GGA and

GGA þ vDW potentials corresponding to H2 adsorption

from 1H2e9H2.
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Insights on the interaction mechanism

The binding mechanism of Y over gCN and H2 over gCN þ Y

has been investigated using the partial density of states

(PDOS) where the orbital-wise density of states can be ob-

tained for the interacting species, and charge transfer

analysis.
Fig. 6 e (a)Loading pattern of 8 Y atoms placed symmetrically o

loading in the system represented. Gravimetric hydrogen storag

is 8.55%.

Table 1 e Hydrogen storage performance of various earlier rep

System Binding energy De

Ti-decorated B-doped twin graphene > e 0.2 eV

Li-decorated Graphene nanoribbon e 0.263 eV

Zr-decorated CTF-1 e 0.38 eV

Ti-doped j-graphene e 0.3 eV

Y-doped C24 e 0.37 eV

Fe-embedded gCN e 0.146 to �1.305 eV

Ru-embedded gCN �0.152 to �2.208 eV

Os-embedded gCN �0.663 to �2.452 eV

Y-decorated gCN �0.365 eV
Binding of Y over gCN
The binding of Y over gCNwas observed to be accompanied by

structural as well as electronic and magnetic changes. The

mechanism of binding may involve a charge transfer, the in-

tensity and direction of which are relevant to understanding

the nature of binding. The partial density of states (PDOS)

plots for valence 4d orbitals of Y in an isolated Y atom is

compared with that in gCN þ Y in the top and bottom panels

respectively in Fig. 7(a), while C and N valence 2p orbitals in

gCN are compared with that in gCN þ Y in the top and bottom

panels of Fig. 7(b) and (c) respectively. From the PDOS plots, it

is noted that states of Y 4d orbital are depleted upon binding of

Y on gCN at the Fermi level (~0 eV) (Fig. 7(a)). In the case of C

and N 2p orbitals, some enhancements of states are noted

near the Fermi level upon Y binding over gCN. For C 2p orbitals

of gCN, an enhancement of states is noted in the valence band

near the Fermi level (~-0.12 eV) upon binding of Y as compared

to pristine gCN (Fig. 7(b)). Similar enhancement is noted in the

case of N 2p orbitals in the valence band near the Fermi level

(~-0.11 eV) (Fig. 7(c)).

This analysis may indicate some charge flow from the Y

atom towards the C and N atoms of the gCN substrate. To get a

quantitative picture of the charge transferred, we used Bader

Charge Analysis [67]. It is observed that upon Y decoration

over gCN, a charge of 1.653e is transferred from the Y atom

towards gCN.The charge density distribution plot for the

charge difference between gCN þ Y and gCN is represented in

Fig. 10(a). The intense red region around Y is indicative of

charge loss, whereas green, blue, and yellow regions around
n both sides of a 3 £ 3 supercell of gCN with (b) hydrogen

e capacity of the system considering such a loading pattern

orted materials.

sorption temperature Storage capacity Reference

e 4.95% [69]

e 3.8% [70]

442 K 7.1% [45]

387 K 13.14% [41]

477 K 8.84% [29]

e e [71]

e e [71]

e e [71]

423.68 K 8.55% This work
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Fig. 7 e PDOS plots for comparison between gCN and

gCN þ Y 4d orbital of an isolated Y atom (top panel) is

compared with that in gCN þ Y (a), 2p orbital of C (b), and N

in gCN is compared with that in gCN þ Y in the top and

bottom panels (c) respectively. Fermi level is set to zero.
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gCN indicate a gain of charge. Thus, the Bader Charge Anal-

ysis, charge density distribution plot, and PDOS analysis point

towards a charge-transfer-type interaction between Y atom

and gCNwherein charges are transferred from 4d orbitals of Y

atom towards the valence 2p orbitals of C and N in gCN.

Adsorption of H2 over gCN þ Y
The PDOS plot of Y 4d orbitals in gCN þ Y is compared with

that of gCN þ Yþ 1H2 systems in Fig. 8(a), wherein a loss of

states is noted around Fermi level in the regions of the valence

band (~-0.08 to�0.13 eV) upon adsorption of H2 on the gCNþY

system. On the other hand, the PDOS of 1s orbital of hydrogen

in an isolated H2 molecule is compared with that in the

gCN þ Yþ 1H2 system in Fig. 8(b). From the plot, it is observed

that the 1s orbital of H2 appears to gain states near the Fermi
Fig. 8 e PDOS plot comparing 4d orbitals of Y atom in

gCN þ Y (top panel) against that in gCN þ Yþ1H2 (lower

panel) (a), and 1s orbitals of H in isolated H2 molecule

compared with that in gCN þ Yþ1H2 (b). Fermi level is set

to zero eV.
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Fig. 9 e PDOS for Y 4d orbital for gCNþH2 (a), and gCNþ9H2

(b); Fermi level is set tozero.
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level in the valence band (sharp increase near ~ 0 eV) and a

small spike appears between ~ �0.67 to �0.75 eV, indicating a

possible charge transfer from Y atom towards H2 upon bind-

ing. Since HeH bond lengths greater than 1.6 �A [53] are

considered to be dissociative, in this case, the hydrogen

binding may not be via a dissociative mechanism. The HeH

bond lengths upon binding were 0.78 �A, i.e., only slightly

elongated as compared to that of free H2 molecules. This

mechanism is similar to Kubas type of interactions providing

adsorption energy higher than physisorption energy yet

retaining the hydrogen inmolecular form.With the loading of
Fig. 10 e (a) Charge density distribution plot for Difference in ch

[rgCN þ Y e rgCN - rY] with isovalue¼ 0.079; and the difference in

1, (c) 3, (d) 5, (e) 9H2, i.e., [rgCN þ Y þ H2 e rgCN þ Y e rH2] having is

gain, while red regions represent charge depletion. (For interpr

reader is referred to the Web version of this article.)
a higher number of H2 molecules, Y 4d orbital continues to

transfer charge to H 1s-orbital required for Kubas type of

bonding. The PDOS for Y 4d orbital for gCN þ Y þ H2 and

gCNþ Yþ9H2 systems are presented in Fig. 9(a and b). There is

a reduction of states near the Fermi level for the systemwith a

higher number of adsorbed H2 molecules.

To verify this quantitatively, Bader Charge Analysis was

conducted to compute the charge difference between gCN þ Y

and gCN þ Y þ H2. The Y atom is found to lose 0.044e to H2,

with H2 gaining 0.026e on an average upon adsorption over

gCN þ Y.

A qualitative idea about charge transfer is obtained from

the charge density distribution plot for charge density differ-

ence between gCN þ Y and gCN þ Y þ nH2 where n ¼ 1, 3, 5, 9

(Fig. 10(b-e)). The blue region denotes the charge gaining H2

molecule whereas the charge losing gCN þ Y is depicted in

yellow-green color. Asmore H2 pairs are adsorbed, the regions

around gCN þ Y become more green, indicating a smaller

extent of charge transfer. This aligns well with the decreasing

trend in adsorption energy as well as the increasing trend of

YeH bond lengths as more H2 molecules are bound. Notably,

the charge transferred to the H2 molecules is not only

contributed by the metal dopant, but also includes the charge

transferred by the surface atoms, which is lesser for the

nearest three H2 molecules. Thus, the adsorption of 9 H2 is not

merely over the Y atom but is the result of H2 adsorption over

the whole system (surface þmetal). This qualitative picture is

in agreement with the earlier observed PDOS and Bader

analysis.

Practical viability: Clustering and MD simulations

DFT simulations provide a rapid screening method for novel

materials and their possible applications. However, to assess

their practical viability, issues like the possibility of TM clus-

tering and system stability at ambient temperatures as well as

desorption temperatures will have to be considered. These

aspects are discussed in the following sub-sections.
arge density of gCN before and after Y decoration, i.e.,

charge density of gCNþ Y before and after adsorption of (b)

ovalue of 0.09 e (b). Blue and green regions indicate charge

etation of the references to color in this figure legend, the
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Fig. 12 e MD Snapshots of gCN þ Y (a), gCN þ 2Y in the

same plane (b), and gCN þ 2Y on the above and below the

plane (c) at 500 K after 5 ps.
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Computation of diffusion energy barrier
Transition metals tend to cluster or dimerize due to their high

cohesive energy. When decorated on a 2D surface like that of

gCN, the computed gravimetric storage capacity will be

impacted bymetal-metal clustering. To address this possibility,

we have computed the diffusion energy barrier for the Y atom

across the 2D gCN structure. The computation of the diffusion

energy barrier is carried out by non-relaxed single-step energy

calculations across the path of diffusion of Y atom. Fig. 11 de-

picts the normalized energy value plot against displacement of

Y atom from the least energy position, with the diffusion path

shown inset. Since the value of the binding energy of Y on gCN

is lower (�6.852 eV) than the cohesive energy of Y (�4.37 eV)

[68], the chances of metal-metal clustering are negligible.

Structural stability from molecular dynamics simulations
Two important aspects to achieve reversible hydrogen storage

are that at ambient temperatures, the Y atom must not

dislodge from gCN, and any other structural distortions that

can affect the reversibility of hydrogen storage do not occur.

To this end, we have conducted ab initio MD simulations in a

two-step process. In the first step, we raised the temperature

of the system in 1 femtosecond time steps for 5 picoseconds in

amicrocanonical or NVE ensemble from 0 to 500 K. Thereafter,

the structure at 500 K was allowed to attain equilibrium at

500 K by constant heating in a canonical or NVT ensemble for

another 5 picoseconds. Temperature control was accom-

plished by the Nos�eeHoover thermostat. The MD snapshot of

gCN þ Y at 500 K for a single Y after attaining equilibrium is

represented in Fig. 12(a) and two locations decorated with 2 Y

are depicted in Fig. 12(b and c). The doping locations are

alternated to ensure a sufficient distance between Y atoms so

as to prevent metal-metal clustering interactions. It is found

that the Y atom remains firmly bound to the gCN sheet at

elevated temperature, and further, the gCN structure suffers

very little distortions at this temperature. From the MD
Fig. 11 e Diffusion energy barrier for the movement of Y

atom in the path shown by arrow inside the structure

embedded in the plot.
simulations, we are confident that the structural integrity of

gCN þ Y is not compromised at ambient temperatures.
Conclusions

Using First Principles calculations, we have investigated the

possibility of using Y-decorated gCN for onboard hydrogen

storage applications in light vehicles in keeping with the re-

quirements of the DOE. The probable site for Y decoration has

been reported from adsorption energy calculations. Each Y

atom decorated over gCN is found to reversibly adsorb a

maximum of 9 molecules of hydrogen, giving a net binding

capacity of 8.55 wt%; and the average adsorption energy per

hydrogen molecule for gCN þ Yþ9H2 is �0.331 eV and the

corresponding desorption temperature is 384.24K, fulfilling

DOE's criteria. The stability of gCN þ Y was confirmed at

ambient temperatures of 500 K via ab-initio MD simulations.

The possibility of clustering of Y atoms is found to be negligible

as the computed barrier energy for the diffusion of Y atoms

across gCN is 3.07 eV. We have explored the stratagem of

binding of Y over gCN and hydrogen over gCN þ Y utilizing the

orbital interactions via PDOS analysis and charge transfer cal-

culations. The Y atom is found to bind stronglywith gCNwith a

flow of charge from Y atom 4d orbital towards valence 2p or-

bitals of C and N in gCN, whereas the binding of hydrogenmay

follow Kubas type of binding involving H2 to Y charge transfer

followed by back donation. From our systematic study, we are

confident in the potential of gCN þ Y for reversible hydrogen

storage applications for onboard storage needs in light vehicles.
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