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HIGHLIGHTS

o First row transition metal doped C24 complexes are theoretically investigated for hydrogen dissociation reaction.

e The transition metal act as an active center for the dissociation of hydrogen molecule.
e Hydrogen dissociation is proceeded through homolytic cleavage or oxidative addition of H, molecule.
e Mn@C24 catalyst has the best catalytic activity with the lowest energy barrier of 0.04 eV.

e NBO and EDD analysis show the transfer of charge participated in dissociation process.
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ABSTRACT

Transition metal doped carbon materials such as carbon nanotubes and fullerenes have
been extensively investigated for hydrogen adsorption and storage applications. However,
the strength of these hydrogen storage material is mainly dependent on the metal-support
and hydrogen-metal interaction energies. In this work, we have designed, and explored
transition metal doped C24 (TM@C24) complexes as single atom catalysts for hydrogen
dissociation. Adsorption energy results for all studied TM@C24 complexes reveal the high
thermodynamic stability of designed TM@C24 catalysts. Among all considered TMs@C24
catalysts, the highest adsorption energy (—6.22 eV) is calculated for Mn@C24 catalyst.
Moreover, H, dissociation mechanism is evaluated for both gas phase and in aqueous
media to get insight into the solvent effect. In both gas phase and in aqueous media, the
best catalytic activity for hydrogen dissociation is computed for Mn@C24 catalyst with the
lowest energy barrier of 0.04 eV and 0.30 eV, respectively. NCI analysis is carried out to
confirm the shared shell interactions (covalent interactions) between adsorbed hydrogen
and TM@C24 complexes. Furthermore, natural bond orbital and electron density differ-
ences analysis are also performed to explore the activation and dissociation of H, mole-
cule. Overall results reveal that Mn@C24 complex can at as a promising low cost, highly
abundant and noble metal free single atom catalyst to effectively catalyze hydrogen
dissociation reaction.
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Introduction

World energy consumption is increasing exponentially with
increase in world population. The natural energy resources
are also rapidly depleting with time. Moreover, these fossil
fuels cause emission of several harmful gases, therefore, the
world is facing considerable power and environmental prob-
lems [1]. The limited and nonrenewable fossil fuel energy re-
sources and their impact on environment requires a shift to
renewable energy resources [2]. Considering the depletion and
environmental impacts of fossil energy resources, hydrogen
can be considered as an ideal energy carrier which can be
easily generated in bulk from renewable resources. Hydrogen
energy has numerous advantages, including facile produc-
tion, high energy density and easy conversion to other forms
of energy. Moreover, the only byproduct of hydrogen com-
bustion is water. Furthermore, Hydrogen has higher utiliza-
tion efficiency, high environmental compatibility and is also
the most suitable fuel for vehicle application [3]. Therefore,
hydrogen can be considered as a best alternative to replace
fossil fuels.

In hydrogen dissociation, the H, molecule splits into active
hydrogen atoms which are then incorporated into the support
material or catalyst, making it possible to store large amounts
of hydrogen at low temperatures and pressure [4,5]. The rate
of hydrogen dissociation reaction of a metal/hydrogen system
is a function of temperature and pressure. Moreover, the
metal surface must possess the ability to split the H, molecule
and allow easy diffusion of active hydrogen atoms, thereby
enabling hydrogen storage. The dissociation ability of
different metals is different depending on their intrinsic
properties [6]. Moreover, in hydrogenation reactions,
hydrogen dissociation is considered among the rate limiting
steps. Therefore, the nature of active sites for H, dissociation
over metal catalysts is the subject of interest for various
studies [7]. Moreover, catalytic adsorption and dissociation of
molecular hydrogen is of great interest in hydrogenation and
dehydrogenation reactions at commercial level. In such re-
actions, molecular hydrogen is first adsorbed on the catalyst
surface and then, dissociated into active hydrogen atoms.
Therefore, it is necessary to understand the elementary steps
involved in hydrogen dissociation and in the development of
highly efficient catalysts [8]. One of the major challenges
encountered in the development of the hydrogen economy is
the storage capability of hydrogen efficiently and safely [9].

Previously many noble metals (Ru, Au, Pd, Pt, and Rh) have
been reported to catalyze the hydrogen dissociation process
efficiently [10—14]. Previously the most common type of cat-
alysts studied for the dissociation of H, molecules include
different precious metals based catalysts (e.g. Pt, Pd, Rh & Ru)
[15,16], metal oxides (e.g. Cr,O3, Nb,Os, TiO, & Fe30,) [16], and
non-metals compounds (e.g. carbon) [17,18]. However, the
main problems with these noble metal catalysts include high
operation temperature and high cost which render these
catalysts, hence not economically feasible [19]. In this regard,
first row transition series metals such as Sc, Fe, Mn, Ni, Co,
and Cu etc., can be considered as best alternatives due to low
cost and high relative abundance [20,21]. For practical appli-
cations and large-scale production, it is necessary to replace

noble expensive metal catalysts with low cost and environ-
ment friendly catalysts.

Moreover, to further reduce the cost while maintaining the
performance of catalysts, the best approach is to employ
single atom catalysis (SAC). Currently, SAC has been consid-
ered as best choice, where single metal atom is anchored on a
support to accomplish the desired catalytic activity [22—24].
The catalytic performance of SACs is now taking hold, but the
understanding of the catalytic process of such catalysts is still
in its infancy. The noble metal Pd decorated graphene surface
has been studied for hydrogen dissociation reaction by Yan
et al. and they observed a moderate energy barrier of 0.84 eV
[25]. Therefore, the catalysis of single metal atom anchored on
some supportis of great research interest [24]. Researchers are
still attempting to design SACs, which could offer economical,
robust, and highly selective electrocatalysis with minimal
barrier for hydrogen dissociation process.

In this regard, carbon-based materials such as organic
frameworks [26,27], graphene [28,29], graphyne [30], graphitic
carbon nitride (g-C3Ny) [31], and other nanostructured surfaces
have received much attention as support materials (for cata-
lyst) due to their higher surface area and promising storage
capacities at low temperature [32—34]. Recently, low cost and
abundantly present transition metals (Fe, Co, & Ni) doped C,N
surface has been investigated for H, dissociation process [35].

Similarly, various 2D materials have been studied and re-
ported in literature for hydrogen dissociation such as carbon-
based surfaces [36—38], carbon nanotubes [39] and quantum
dots [40,41]. The dissociation barrier for the hydrogen mole-
cule were reported about 3.51 eV and 3.70 eV on the pristine
and 1, 3-cyclohexadiene (CHD) functionalized CNT, respec-
tively [8]. Moreover, Wan et al. studied the adsorption and
dissociation of Hydrogen on Au supported TiO, catalysts and
observed lower H, dissociation barrier of 0.10 eV over stoi-
chiometric Au/Ti02(101) surface [5]. Furthermore, Pozzo et al.
theoretically studied H, dissociation on transition metals
(TM = Ti, V, Ni, Cu, Ag etc.)-doped Mg surfaces and their re-
sults revealed Ni-doped Mg being the best choice [9].
Furthermore, isolated individual Pd atoms were also investi-
gated both experimentally and theoretically, and results
revealed that Pd atoms can promote the hydrogen dissocia-
tion reaction efficiently [42]. Investigation of low cost and
highly abundant metals (e.g., Mg, Sc, Mn, Ni etc.) for hydrogen
dissociation process is the subject of interest for researchers
due to their low cost and higher capacities for hydrogen
storage [8]. Nonetheless, scientists are still trying to find an
appropriate electrocatalyst with can efficiently catalyzed
hydrogen dissociation reaction.

Current study explores particularly the highly stable and
smaller variant of fullerene (TMs doped C24) for hydrogen
dissociation reaction. Recently, fullerenes, an allotropic form
of carbon have gained significant interests owing to their
unique characteristics. In fullerenes, carbon atoms (sp2 hy-
bridized) are linked to form the hollow sphere of various sizes
i.e., C20, C24, C30, C60 etc. Small sized fullerene nanocages
such as C20 and C24, exhibit remarkable properties due to
highly pyramidalized C-atoms and large curvature in their
structures. Different types of fullerenes nanocages have been
recently researched for their hydrogen energy applications.
Although small fullerenes (C20—C30) have stability issue
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[43,44], but literature reveal that C24 nanocage exhibits stable
geometry which is maintained even after chemical modifica-
tions [45,46]. An extensive study by Jensen et al. on small sized
fullerenes revealed that C24 favours Ds symmetry over Oy
symmetry [47—49]. Their catalytic properties can be enhanced
by chemical modifications such as metal decoration and
doping.

With the motivation of designing efficient SACs for
hydrogen dissociation, we have selected the most stable
symmetry (D6) of C24 nanocage as a support material [23]. C24
nanocage is functionalized with first row TMs (Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu & Zn) to improve the H, adsorption char-
acteristics. In this study, we have systemically probed first-
row TMs (Sc—Zn) as SACs doped on C24 nanocage through
density functional theory (DFT) calculations and demon-
strated their stability, and catalytic activity for H, dissociation
process.

Methodology

DFT calculations for gas phase geometry optimization have
been performed using B3LYP/6-31G(d,p) level of theory using
Gaussian 09 software [50]. B3LYP is a hybrid DFT functional
which is well known for computation of electronic properties,
thermodynamic stabilities, and reaction barriers of fullerenes
[51-53]. Vibrational frequencies are also computed at the
same level of theory to analyze stationary points on potential
energy surface (PES). GaussView 5.0 package and Chemcraft
were used to visualize the optimized geometries [54]. The
optimized geometries are confirmed through frequency
analysis. Reactants and products of the studied complexes are
considered as minima when no negative or imaginary fre-
quency is observed. Whereas transition states are confirmed
when one imaginary frequency is present. All the transition
states are further evaluated through their associated eigen-
vectors which correspond to the motion along the reaction
coordinates [55]. The solvation effect on dissociation mecha-
nism is also evaluated through polarizable continuum model
(PCM) in aqueous media at the same level of theory [56].

()

To obtain the stable TM@C24 complex, transition metals are
adsorbed at different positions; b6,5 and b5,5 interfaces. The
first-row transition metals (TMs) supported on C24 cage has
been used to catalyze the hydrogen dissociation reaction. C24
fullerene is doped with first-row transition metals exohedrally.
TMs show multiple spin states; hence, four lowest possible spin
states (up to octet and septet) are considered to get the lowest or
the most thermodynamically stable spin state. The adsorption
energies and hydrogen dissociation reactions of TM@C24
complexes are also performed on the most stable spin states.

Adsorption energies (E,qs) of TMs over C24 nanocages are
calculated for the stable spin states through the following
expression:

AEags = Etmec2a—(EcoatErm) (1)

Here, Etmec24, Ec2a and Ery are the energies of TM@Cyy
complexes, bare Cy, surface and TMs with the most stable
spin state, respectively.

To further estimate the binding strength of H, on TM@Cy,
nanocages, adsorption energy AE.g4s (H2) by eq (2) is also
calculated. In eq (2), Enotmec24 is the total energy of the H,
adsorbed TM@C24 nanocage complexes, Ey, is the energy of
isolated H, molecule, and Etrmecas represents the energy of
optimized TM@C24 nanocage complexes.

AEags (Ho) = Enormecos —(EtmecoatEno) (2)

The activation and self-dissociation of H, molecule is
further elaborated through NBO and EDD analysis. NBO ana-
lyses is performed at B3LYP/6-31G(d,p) level of theory, which
indicates the nature of bonding in view of orbital interactions
and charge transfer. Furthermore, EDD analysis is also carried
out for the stable TM@C24 nanocage complexes. The EDD is
evaluated by subtracting the electronic density of H, and
TM@C24 nanocage from the electronic density of the
H,TM@C24 nanocage complexes. Moreover, noncovalent in-
teractions (NCI) analysis is performed to confirm the existence
of shared shell interactions between TMs and C-atoms of
nanocage.

1.36(b5,5)

(b)

Fig. 1 — The optimized geometry of C24 nanocage with Dg symmetry, (a) top view and (b) side view.
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Results and discussion
Geometry optimization and adsorption energy

First row transition metals are selected as dopant for C24
replace noble metal catalyst to investigate H, dissociation
process. The most stable symmetry for C24 fullerene is De.
Literature reveals the energetic stability of Ds.symmetry of
C24 fullerene over O, symmetry [47,48]. Thus, C24 fullerenes

Ti
1.92 2.04

with Dg symmetry is chosen and the computed topology of
C24 nanocage is given in Fig. 1 (both side and top views). C24
fullerene consists of twelve pentagonal faces and has two
hexagons. Therefore, the relaxed geometry of C24 nanocage
consists of two different types of C—C bonds. The one bond is
common at interface of hexagon and pentagon rings, which is
termed as b6,5. The second type of bond is termed as b5,5
which is shared between two pentagons. The bond length of
1.42 A is observed for b6,5, whereas the two types of bond
lengths (1.53 A and 1.36 A) are observed in case of b5,5 (see

1.99 2.01

1.88

1.92 1.92

Fig. 2 — Optimized geometries of stable TMs@C24 nanocage complexes at B3LYP/6-31G(d,p) level of theory.

Table 1 — Summary of energies for the adsorption of TM over G24 nanocage, H, adsorption over TM@C24, and energy

barriers for hydrogen dissociation reaction in gas phase as well as in aqueous media.

Complexes Gas phase Solvent Complexes Gas phase Solvent (H,0)
AEaq4s (eV) AE',qs (€V) AE,q4s (V) AE, (eV) AE'545 (€V) AE', (eV)

Sc@C24 —3.99 —6.01 H,Sc@C24 —0.04 0.76 —0.43 0.49
Ti@C24 —3.42 —5.86 H,Ti@C24 -0.22 0.66 —0.20 0.60
VeC24 —2.10 —3.92 H,vV@C24 —0.53 1.00 —-0.16 0.47
Cr@C24 —2.78 —3.84 H,Cr@C24 -0.15 1.08 -0.14 0.43
Mn@C24 —6.22 -6.11 H,Mn@C24 -0.22 0.04 -0.19 0.30
Fe@C24 -3.99 -3.23 H,Fe@C24 —0.45 0.30 -0.13 0.77
Co@C24 —3.42 —3.56 H,Co@C24 —0.29 0.36 —0.29 0.63
Ni@C24 -2.10 —5.80 H,Ni@C24 —0.88 0.65 —0.52 0.74
Cu@C24 -3.24 —3.83 H,Cu@C24 —0.56 0.48 -0.29 0.74
Zn@C24 —0.26 —1.58 H,Zn@C24 —0.05 0.84 —-0.10 1.50
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Fig. 3 — Optimized geometries of hydrogen doped TMs@C24 nanocage complexes at B3LYP/6-31G(d,p) level of theory.
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Fig. 1), which are in good agreement with previously reported
results [3].

Initially, TM is placed at different positions (b6,5 and b5,5
interfaces) on the surface of C24 fullerene (hexahedral) to
find the most stable TM@C24 nanocage complex. In all
studied complexes, the most stable complex is seen on b5,6
position. Furthermore, first four possible spin state of each
TM@C24 are evaluated to explore thermodynamically stable
complex. The most stable spin state observed for Sc@C24,
V@C24, Mn@C24, and Co@C24 is quartet, whereas for Cu@C24
complex, doublet is the most stable spin state. Similarly, for
Ti@C24, Cr@C24, and Fe@C24, the most stable spin state is
quintet and Ni@C24 and Zn@C24 complexes are more stable
in singlet spin state. The relative energies of various spin
states of first-row TM@C24 nanocage complexes are pre-
sented in Table S1 (Supporting info) whereas the most stable
spin state geometries and their adsorption energies over C24
nanocage complex are given in Fig. 2 and Table 1. It is
observed from Fig. 2 that interaction distances between
transition metal and C24 nanocage are in the range of 1.88 A
to 2.08 A, which primarily reveal chemisorption. The lowest
interaction distance is observed in case of Mn@C24 complex
(1.88 A) for each Mn—C bond. The lowest bond length in
Mn@C24 complex is also justified from the highest adsorp-
tion energy (AE.qs) value. Whereas the highest interaction
distance among all studied complexes is 2.08 A, observed for
Zn@C24 complex. The observed interaction distances be-
tween the C24 nanocage and TM for all studied complexes
are almost comparable with their TM—C bond lengths re-
ported in literature [57].

The adsorption energies of most of the TM complexes in
various spin states are related to the number of unpaired
electrons. The negative sign of adsorption energies of TM@C24
complexes indicates the adsorption of TM on C24 nanocage is
an exothermic process. The adsorption energies of TM@C24
complexes range from —0.26 eV to —6.22 eV. Thus, all the

studied complexes are thermodynamically stable. The highest
adsorption energy (AE.q4s) is observed for the Mn@C24 nano-
cage complex (—6.22 eV) owing to the higher thermodynamic
stability of this catalyst. The least adsorption energy is
calculated for the Zn@C24 catalyst (—0.26 eV). Moreover,
adsorption energy (AE'.qs) values are computed using CPCM
model to evaluate the solvent effect. In this case, the
adsorption energy values are observed in the range of —1.58 eV
(Zn@C24) to —6.11 eV (Mn@C24). The trend of adsorption en-
ergy values observed with solvent are consistent with the gas
phase values. The results of adsorption energies are also
validated through the interaction distances of TM@C24
complexes.

H, adsorption over TM@C24 catalysts

The H—H bond distance (dy.y) for the hydrogen adsorbed on
non-noble transition metal anchored TM@C24 nanocages lie in
the range of 0.74 and 0.93 A (see Fig. 3). Adsorption energy for
the adsorption of H, molecules over TM@C24 complexes is also
calculated and presented in Table 1. In some cases, the H-H
bond distance is slightly larger than isolated H, molecule
(H—H bond length; 0.74 A), which might be attributed to strong
TM—H bond interactions, ultimately weakening the H-Hbond.
All the studied complexes are favorable energetically for
hydrogen adsorption and calculated adsorption energies are in
the range of —0.04 to —0.88 eV. Moreover, the Ni@C24 (—0.88 eV))
and Cu@C24 (—0.56 eV) catalysts have shown relatively stronger
H, adsorption (see Table 1 for details). Higher negative values
present strong binding of H, molecule to the TM@C24 nano-
cage. Overall, the Cr@C24 catalyst has the least adsorption of
hydrogen molecules among all ten studied TM@C24 catalysts,
whereas the strongest adsorption of hydrogen molecules is
observed over Sc@C24 and Mn@C24 catalysts.

The adsorption of hydrogen molecule over studied
TM@C24 catalysts is also evaluated using CPCM model to
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Fig. 4 — Reaction pathways for hydrogen dissociation reaction on TM@C24 (TM = Sc—Zn) catalysts; the energies of
intermediate (H,*), transition state (TS) and products (2H*) are relative to reactants and are expressed in units of eV.
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check the solvent effect. In the presence of aqueous media
(solvent), the adsorption energy (AE'a4s) values are observed in
the range of —0.10 eV to —0.52 €V, which reveals that all the
studied complexes are energetically favorable for hydrogen
adsorption process. In this case, the highest adsorption energy
value is observed for H,Ni@C24 complex (—0.52 eV) followed
by H,Sc@C24 (—0.43 eV), H,Cu@C24 and H,Co@C24 (—0.29 eV
each) complexes owing to higher thermodynamic stability of
these catalysts. Again, the trend is almost consistent with the
gas phase calculations but with the slight increase in the
overall energy values.

Metal hydrogen (TM—H) bond distances vary in different
systems, and range from 1.53 A to 1.97 A, where the Ni—H
(1.53 A) and Mn—H (1.59 A) being the shortest among all (see
Fig. 3). Overall, adsorption of H, molecule at the TM@C24
nanocages (two H* for TM@C24), increases the bond length of
H—H bond slightly. These results reveal the activation of H,
molecule at single metal atom site.

Dissociation of hydrogen molecule over TM@C24 nanocages

To explore the best performance of the studied TM@C24
catalyst for the catalytic cleavage of hydrogen molecule,
homolytic dissociation reaction of the adsorbed hydrogen
molecule is evaluated. The results further demonstrate that
the 2H* state is energetically more favorable for all the
studied TM@C24 catalysts because of exothermic process
(negative energy) except Cr@C24 nanocage (see Fig. 4). The
dissociation of hydrogen molecule can be achieved in two
steps: the step I is the adsorption of hydrogen molecule
resulting in an intermediate formation and step II involves
the homolytic cleavage (in most cases) of hydrogen molecule
and binding of two hydrogen atoms on the same metal
atom.

Among studied H2M@C24 complexes for homolytic disso-
ciation, the lowest energy barrier for hydrogen dissociation is
calculated for Mn@C24 catalyst (0.04 eV), whereas the highest
barrier is seen for Cr@C24 catalyst (1.08 eV). Moreover, the
dissociation barrier for H, molecule over a Fe@C24 (0.30 eV)
and Co@C24 (0.36 eV) catalysts are almost comparable with a
difference of 0.06 eV. The observed dissociation barrier for
Cu@C24 catalyst is 0.48 eV, which is even smaller than the
reported Cu@Mg surface (0.56 eV) [9]. For the rest of the
studied complexes, the dissociation barriers are 0.76, 0.66,
1.00, 0.65 and 0.84 eV for Sc@C24, Ti@C24, V@C24, Ni@C24 and
Zn@C24, respectively. The summary of some of the important
bond lengths (A) and bond angles (deg) at intermediate, tran-
sition state and product of H,TM@C24 nanocage complexes
are reported in Table S2 (Supporting info). Table S2 (support-
ing information) reveals that the hydrogen dissociation pro-
cess in most of the studied TM@C24 complexes follows early
transition state trend based on H—H bond distance. In case of
early transition state, the geometry is closer to the geometry
of the reactant molecule, taking small activation energy, and
vice versa. The shorter H-H bond distance at transition state
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Table 2 — Bond order calculation results for studied TM@C24 complexes at TS.

Complexes B.O. (TM—H) B.O. (H-H) Complexes B.O. (TM—H) B.O. (H-H)
H,Sc@C24 0.53 0.17 H,Fe@C24 0.49 0.23
H,Ti@C24 0.45 0.37 H,Co@C24 0.52 0.20
H,veC24 0.44 0.27 H,Ni@C24 0.54 0.17
H,Cr@C24 0.48 0.33 H,Cu@C24 0.74 0.06
H,Mn@C24 0.75 0.05 H,Zn@C24 0.53 0.27

reveals an early transition state. Late transition state trend is
observed in case of Mn@C24 and Cu@C24 complexes as the
geometric parameters resemble more like product states.
While in all remaining complexes the early transition state
trend is observed.

Herein, Mn@C24 catalyst is selected as a representative
model to investigate the hydrogen dissociation process. In
addition, all those M@C24 complexes (Mn@C24, Fe@C24,
Co@C24 and Cu@C24), which show better catalytic efficiency,
are presented in Fig. 5. Whereas energy diagrams of the rest of
studied TM@C24 complexes are given in supporting informa-
tion (Figs. S1-S6). The adsorption of Mn atom on C24 occurred
at common interface b6,5 of C24 nanocage. The observed
C—Mn bond length is 2.03 A between Mn atom and C atoms of
C24 nanocage directly attached to Mn, which is in agreement
with previously reported results [58]. To study dissociation of
H, over Mn-doped C24 nanocage, initially H, is adsorbed over
Mn@C24 nanocage. The adsorption energy of —0.51 eV is
observed, which is better than all other studied systems
except Sc@C24 complex (—0.53 eV). The observed interaction
distance between Mn and H-atoms of H, molecule are 1.59 A
each. The H-H bond length in H,—Mn@C24 complex is 0.93 A,
which is slightly increased as compared to isolated H, mole-
culei.e., 0.74 A (see Fig. 5). This elongation in bond length of H,
molecule upon adsorption reveals the activation of the H,
molecule over Mn@C24 nanocage complex.

Transition state reveals that H, dissociation is proceeded
through homolytic cleavage of hydrogen molecule. Homolytic
cleavage or oxidative addition of H, molecule is more common
in electron rich metal centers. This type of oxidative addition
proceeds through the donation of electrons from TM to o* of
H-H bond. The H—H bond length is increased from 0.93 A to
1.84 A, whereas bond angle is increased from 33° to 70°,
respectively. The H-H bond distance (Dy_g) is a crucial
structural parameter in the dissociation process, that may
demonstrate the stability of transition state. Our results agree
with the previously reported theoretical reports for H—H bond
distance in the transition state and even more pronounced
compared to previously reported literature [59—62].

The hydrogen dissociation over Mn@C24 complex has late
transition state, meaning that the geometry of transition state
is more like the product molecule. The H—H bond length at
transition state is 1.84 A closer to the H—H bon distance of
dissociated hydrogen atoms (2.39 A) as compared to reactant
(0.93 A). Therefore, this late transition state contributes to
lowering of activation barrier (0.04 eV) by stabilizing the H,
molecule over Mn@C24 catalyst. According to bond order
calculations, at TS, Mn@C24 catalyst shows almost covalent

linkage with both hydrogen atoms (Mn—H) with bond order
value of 0.75 (single bond). Whereas the bond order value for
H—H bond is 0.05, which shows that at TS the complex has
similarity with the product side (2H*+Mn@C24). At TS, the
Mn@C20 catalyst is strongly interacted with hydrogen atoms
which marks the dissociation of H-H bond quite easily.
Moreover, in all those cases where early TS observed the bond
order for M—H is in the range of 0.44—0.54 owing to partial
single bond (see Table 2).

This barrier is the lowest among all 1st row TMs doped C24
nanocage complexes. This shows that Mn doped C24 nano-
cage showed best catalytic activity compared to rest of studied
1st row TM complexes. The activation barrier is even smaller
than noble metal doped CeO,, where the activation barrier of
0.25 eV was reported in the literature [58,63]. On product side,
hydrogen dissociation proceeds with further increase in bond
length and bond angle to 2.39 A and 95°, respectively. No
deformation is observed in C24 fullerene in case of Mn@C24
nanocage after H, adsorption, which indicates the stability of
C24 nanocage for single atom catalysis. Furthermore, the
enthalpy of reactant and product of H,Mn@C24 complexes
reveals that product is more stable than reactants. The
negative enthalpy values in case of intermediate and product
reveal the feasibility of H, dissociation reaction over Mn@C24
nanocage complex.

Table 1 reveals that the barriers for dissociation of
hydrogen molecules on the studied ten transition metal
(TM@C24) catalysts are in the wider range of 0.04 eV—1.08 eV.
Notably, the lowest energy barrier is observed for Mn@C24
catalyst, which is only 0.04 eV, much smaller than the other
nine candidates. Moreover, it is noticed that metal—H inter-
action is very important for a homolytic cleavage of molecular
hydrogen. The Mn@C24 complex based on SAC gives best
hydrogen dissociation activity as compared to other studied
TM@C24 complexes. Therefore, Mn@C24 complex can be
considered as promising single atom catalyst to catalyze the
hydrogen dissociation process efficiently.

Furthermore, the hydrogen dissociation reaction is also
evaluated using CPCM model to check the solvent effect upon
reaction mechanism. The energy barriers (AE',) for HDR in
water are reported in Table 1, which reveal that the dissocia-
tion barriers for hydrogen dissociation are in the range of
0.30 eV—1.50 eV. The lowest energy barrier in this case is
calculated for Mn@C24 catalyst (0.30 eV) is consistent with gas
phase results followed by Cr@C24 catalyst (0.43 eV). For
V@C24, this barrier is 0.47 eV followed by Sc@C24 (0.49 eV) and
Ti@C24 (0.60 eV) catalysts. In case of early transition metal
from Sc to Cr, a decrease in dissociation barriers is observed in
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Fig. 6 — RDG isosurfaces and 2D RDG spectra of representative TM@C24 complexes.
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Table 3 — NBO analysis results of considered studied
stable hydrogen adsorbed TMs@C24 complexes.

Complexes Hl(e?) H2(e) TM(e) Cl(e) C2(e)
H,Sc@C24 -0.217 —0.260 1.369 -0.371 —0.289
H,Ti@C24 —0.200 —0.200 1.125 —0.407 —0.407
H,V@C24 —0.215 —0.197 1.265 —0.379 —0.382
H,Cr@C24 -0.192 —0.199 0.932 —0.348 —0.355
H,Mn@C24 —0.210 —0.260 1.080 —0.350 —0.380
H,Fe@C24 —0.090 —0.090 0.514 —0.270 -0.270
H,Co@C24 —0.153 —0.153 0.827 —0.368 —0.368
H,Ni@C24 —0.143 -0.113 0.547 —0.325 -0.273
H,Cu@C24 0.002 0.002 0.171 —0.200 —0.200
H,Zn@C24 —0.075 —0.074 0.909 —0.372 —0.368

aqueous media (see Table 1). Whereas for late transition
metals (Mn to Zn), increase in activation barriers is observed
in the presence of solvent. Usually, in polar solvents the
activation barriers are higher than gas phase [64]. These
findings reveal that H, dissociation mechanism in the solvent
stays the same as in the gas phase however, the dissociation
barriers are slightly different than those of gas phase.

Reduced density gradient (RDG) analysis

RDG analysis is also performed, which is usually used to
detect the noncovalent interactions in real space based on
electron density. Here, we carried out the RDG analysis to
confirm the presence or absence of close shell interactions
(non-covalent interactions) in H,M@C24 complexes. For close
shell interactions, the electron density (p) should be > -0.02 a.u
[65]. RDG analysis is performed using Multiwfn 3.7 program
[66], and grid points are obtained as function of two variables;
sign(A,)p as function 1 (x-axis) and RDG as function 2 (y-axis).
For 3D color isosurfaces, VMD program is employed [67]. The
RDG isosurfaces and 2D plots for the representative com-
plexes (H,Mn@C24, H,Fe@C24, H,Co@C24 and H,Cu@C24
complexes) are given in Fig. 6, while the rest are given in
supporting information (Fig. S7). NCI analysis reveals the
absence of non-covalent interactions between H, and M@C24
complexes. Similarly, in 2D NCI plots, spikes about non-
covalent interactions (van der Waals or H-bonding) are not
observed. These plots shows that interactions between H—M
and M—C in H,M@C24 complexes are covalent in interactions
which is perfect for catalysis reactions. The electronegativities
of transition metals are almost comparable with that of
hydrogen, thus the resulting M—H bonds are predominantly
covalent in nature in case of homolytic cleavage. The obtained
results are also consistent with the already reported metal
doped phosphides and nitrides surfaces for hydrogen disso-
ciation study, where M—H bond was covalent in nature [68].
The covalent or strong interaction of analyte over catalyst will
promote the dissociation of H, molecule into active H* atoms.
Moreover, the shared shell interactions (steric strain) are also

confirmed through red cylindrical projections as presented in
3D isosurface (Fig. 6).

Electron density differences (EDD) and natural bond orbital
(NBO) analysis

The activation and self-dissociation of H, molecule is further
elaborated through NBO and EDD analysis. To exactly esti-
mate the amount of charge transfer occurred from the 3d or-
bitals of transition metals upon adsorption of H, molecule, we
have performed the NBO analysis of our studied TM@C24
complexes (see Table 3). In TM@C24 complexes, the positive
NBO charge is observed on TMs in all considered complexes,
whereas negative NBO charge values are observed on carbon
atoms directly attached with the TM atoms. The calculated
NBO charges for all considered complexes are reported in
Table 3. NBO analysis reveals that the charge is being trans-
ferred from TMs to C24 and H, atoms owing to electropositive
nature of metals. The positive charge on TMs is an obvious
reason of charge transfer from metal atoms to the C24 support
in all studied complexes. The highest charge transfer is
observed for Sc metal (+1.37 e7), whereas the least charge
transfer is observed for Cu metal (+0.17 e™).

Herein, we only discuss the charge transfer of representa-
tive model in detail i.e., Mn@C24 fullerene complex. In case of
H,Mn@C24 nanocage, a charge of +1.08 e~ is examined on Mn,
while charges of —0.25e™ and —0.38 e~ is noticed on carbons of
C24 which are directly attached to Mn metal atom i.e., C1 and
C2, respectively. At transition state, where H, self-dissociation
happened over Mn@C24 complex, charge of —0.21e™ and —0.26
e~ is seen for H1 and H2 atoms, respectively, whereas charges
on metal remained +1.08 e™. This increase in positive charge
on metal indicates the charge transfer from metal to H-atoms.
Overall, this charge transfer shows strong binding interactions
of TM atom with H, molecules which causes its dissociations.
This charge transfer from TM atom to hydrogen atoms, is
mainly responsible for the elongation of the H-H bond, thus
facilitating the process of H, dissociation over TM@C24 com-
plexes. NBO analysis reveals the transfer of charge from TM to
H, molecule, thus filling up antibonding orbital of hydrogen
and hence results in the dissociation of H—H bond.

Electron density differences (EDD) is performed to validate
the results of NBO charge transfer from TM@C24 complexes to
H,. The obtained EDD isosurfaces for studied H,TM@C24
complexes are given in Fig. 7. The EDD isosurfaces exhibit
cyan blue and violet patches, therefore, reveal the charge
transfer upon adsorption of H, molecule. Cyan blue iso-
surfaces show the depletion of electron density, whereas vi-
olet isosurfaces depict accumulation of electronic density.
EDD analysis clearly reveals that, in all studied complexes, the
charge is transferred from TMs to H, atoms (see Fig. 7). In all
complexes, the cyan blue patches are present over metal
atoms presenting the depletion of electronic density, whereas
violet isosurfaces are observed over H atoms and C atoms. The
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Fig. 7 — EDD isosurfaces of studied TMs@C24 nanocage complexes, violet isosurfaces present the accumulation of electron
density, whereas cyan blue isosurfaces show the depletion of electron density. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

outcomes of EDD analysis show strong agreement with the
results of NBO charge analysis.

Conclusions

In this work, the adsorption and dissociation of the H, mole-
cule has been investigated on TM@C24 complexes through
DFT method. Adsorption of TM on C24 nanocage is
exothermic in TM@C24 complexes. The highest adsorption
energy (—6.22 eV) is calculated for Mn@C24 catalyst. NCI
analysis is performed to confirm the shared shell or covalent

interactions between hydrogen atoms and TM@C24 com-
plexes. The RDG results reveal that covalent interactions
promote the dissociation of H, molecule over TM@C24 com-
plexes into active H* atoms. Furthermore, H, adsorption on
C24 nanocage, and dissociation barriers are also compared
systematically for first the row TMs doped C24 complexes. The
results declare that the 2H* state is energetically more favor-
able for studied TM@C24 catalysts due negative energy
(exothermic process) except Cr@C24 nanocage. It is further
observed that the H, dissociation barrier on Mn@C24 complex
(0.04 eV) is the lowest among all studied complexes. The
activation and dissociation process of H, molecule is further
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elaborated through NBO and EDD analysis. Solvent effect on
dissociation mechanism is also evaluated, which indicates
that the H, dissociation mechanism in the solvent stays the
same, however the dissociation barriers are slightly different
than those of gas phase. This study reveals that Mn@C24
nanocage can be used as an efficient electrocatalyst for H,
dissociation reaction. Moreover, this research provides new
avenue to experimentalists to design efficient and high-
performance SAC for H, dissociation process.
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