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ABSTRACT: Hydrogen dissociation is a key step in almost all hydro- ey 6 N
genation reactions; therefore, an efficient and cost-effective catalyst with a 322 o3
favorable band structure for this step is highly desirable. In the current = , I

work, transition metal-based C,, (M@C,,) complexes are designed and

evaluated as single-atom catalysts (SACs) for hydrogen dissociation o

reaction (HDR). Interaction energy (E;,) analysis reveals that all the - \Elis(;"w/
M@C,, complexes are thermodynamically stable, whereas the highest = NN s p 2 §
stability is observed for the Ni@C,, complex (E;,, = —6.14 eV). Moreover, s '
the best catalytic performance for H, dissociation reaction is computed for
the Zn@C,, catalyst (E,4; = 0.53 V) followed by Ti@C,, (E,q4 = 0.65 eV)
and Sc@C,y (E,4 = 0.76 eV) among all considered catalysts. QTAIM
analyses reveal covalent or shared shell interactions in H,* + M@C,,
systems, which promote the process of H, dissociation over M@C,,
complexes. NBO and EDD analyses declare that transfer of charge from
the metal atom to the antibonding orbital of H, causes dissociation of the H—H bond. Overall outcomes of this study reveal that the

Zn@C,, catalyst can act as a highly efficient, low-cost, abundant, and precious metal-free SAC to effectively catalyze HDR.

1. INTRODUCTION

Catalysts are currently viewed as the backbone of various
commercial energy conversion procedures and industrial
processes.” Nowadays, the catalyst technology is controlling
the annual production of trillion dollars of goods in the food,
petroleum, power, and chemical industries.” In this regard,
noble metals are displaying exceptional catalytic activity for
energy production and have outshined all traditionally used
catalysts. Despite their widespread application, there are
certain associated challenges with noble metal-based catalysts,
i.e., their high cost and limited availability.”~> The scarcity and
high cost of many promising noble metal catalysts such as
platinum and palladium reduce their extensive utilization from
the economical perspective.”” To cope with this issue, various
catalysts are being explored with the main motive of designing
commercially viable catalysts with uncompromised catalytic
activity.

The alternative approaches that are being considered have
the main aim to minimize the quantity of these precious noble
metals with improved or at least maintained catalytic
efficiency.® In this regard, single-atom catalysis has emerged
as a novel approach in the field of catalysis due to exceptional
catalytic activity and maximal utilization efficiency. Single-atom
catalysis is considered as an economically viable strategy
toward performance enhancement and reduction of noble
metal consumption.” "' Single-atom catalysis usually deals
with evenly distributed metal catalysts on supports. Various
synthetic procedures have been adopted with the passage of
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time to design such catalysts. The techniques that are
frequently used to synthesize single-atom catalysts (SACs)
are wet atomic layer deposition,'> wet chemistry,* and mass-
selected soft landing,'* The catalytic performance of these
SACs is taking hold; however, their understanding is still
limited. Hence, the study of single-metal atom-supported
catalysts is highly intriguing."®

Hydrogen is considered as “the fuel of future” and an energy
carrier due to its high potential as an ecofriendly energy source.
Although the hydrogen technology has large-scale application,
its practical implications have to be realized yet.'® One of the
main obstacles in the way of the hydrogen technology is cheap
and effective hydrogen storage strategies.'” In this regard,
hydrogen dissociation reaction (HDR) is regarded as the key
step in the H, storage process. Furthermore, HDR over metal
surfaces is frequently taken as a prototype system for
investigating the gas surface interactions and their catalytic
understanding essence due to the simplicity of reaction.'®
Moreover, all catalytic hydrogenations involve HDR, which is
considered as one of the largest classes of heterogeneous
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catalysis and is very crucial for various industrial processes.
Hydrogenation reactions also display a major contribution
(about 6%) to chemical processes with regard to market sales
in the catalytic world."” Metal-supported catalysts have been
extensively used as catalysts for this reaction because of their
suitable electronic structures, which allow H, molecules to get
easily adsorbed and dissociated on the metallic surface.'®

Previously, several noble metal-based SACs such as Pd,>°
Pt,”' Rh,* etc., have been extensively reported in the literature
to catalyze the hydrogen dissociation reaction. However, the
major obstacles with these noble metal SACs include high cost,
high operation temperature, and thus, lack of economic
feasibility.”® Replacing noble metals with a low-cost material is
necessary for large-scale and practical application. The boron-
decorated graphitic-carbon nitride B/g-C;N, surface has been
investigated as a cheap single-atom catalyst for the reduction of
nitrogen (N,) into NH,.** Transition metals such as Mn, Fe,
Ni, Co, Zn, Cu, etc., have gained much interest due to their
relatively high abundance and low cost.”>*°

On the contrary, the carbon-based materials, organic
frameworks,”” graphyne,28 graphene,zg graphitic carbon nitride
(g-C5N,),” and porous and other nanostructured materials
have received considerable attention as adsorbents (support
materials for catalysts) due to their promising H, storage
capacities, large surface areas at low temperature, and potential
thermal and electronic properties.”"”>* Yan et al. investigated
the Pd-doped graphene surface for hydrogen dissociation
reaction during the hydrogenation of 1,3-butadiene. They
observed that dissociation of H, occurred over the Pd atom
(for subsequent hydrogenation) with a moderate energy
barrier of 0.84 eV.”> Moreover, recently, dissociation of H,
on abundant and low-cost transition metals (Fe, Co, and Ni)
supported over the C,N surface has been investigated through
the density functional theory approach.® However, scientists
are still trying to search and design more efficient catalysts that
could offer more selectivity, stability, and economical way for
hydrogen dissociation reaction.

Although several experimental and DFT investigations have
been previously reported for hydrogen energy applications in
various carbon-based nanostructures,>*>* very less work is
considered so far for the C,; nanocage, “the world’s smallest
caged fullerene”.’® Therefore, the current study intends to
choose HDR as a probe reaction to evaluate the influence of
first-row transition metals supported on world’s smallest cage
C, fullerenes as SACs and their catalytic performance.
Nowadays, quantum chemical-based density functional theory
(DFT) simulations are considered as the highly effective
approach to evaluate the nature of a catalyst and corresponding
catalytic efficiency.”’ "’ Hence, the density functional theory
calculation method is adopted to systematically probe the
hydrogen dissociation on transition metal (M = Sc—Zn)-
doped C,, fullerenes as SACs to elucidate the catalytic
performance of designed catalysts. Furthermore, the designed
catalysts are investigated for stability, improved hydrogen
adsorption capacity, and their catalytic activity for hydrogen
dissociation reaction. Additionally, natural bond orbital
(NBO) and electron density difference (EDD) analyses are
also evaluated to get further insight into the activation of the
dissociation process and mode of charge transfer upon
dissociation.

2. METHODOLOGY

All the simulations in the current study were performed
through density functional theory implemented with the
Gaussian 09 package.40 Ground-state optimizations were
performed using the B3LYP/6-31G(d,p) level of theory.
B3LYP is a hybrid DFT-based functional known for quantum
chemical computation of thermodynamic stabilities and
electronic properties of chemical compounds.*' ™ Moreover,
B3LYP is a reliable functional frequently adopted for geometry
optimizations as well as mechanistic studies.”*™*° For structure
visualization, GaussView 5.0, VMD, and Chemcraft were
used.”’~* Geometry optimization was confirmed via fre-
quency analysis, i.e, the absence of imaginary or negative
frequency confirms the minima nature of stationary points
(reactants and products) of all studied M@C,, complexes.
Moreover, the presence of one negative or imaginary frequency
marks the confirmation of the transition state. Transition states
were also evaluated via associated eigenvectors that correspond
to the motion along the reaction coordinates.”® The first-row
transition metals (Sc—Zn) were doped over the C,, nanocage
and employed to catalyze the hydrogen dissociation reaction.
To get the most stable M@C,, configurations, transition
metals were doped exohedrally at different positions over Cy,
fullerene. The first four possible spin states of considered
transition metals were optimized to get the most stable spin
state. The interaction energy analysis and hydrogen dissocia-
tion reactions over designed M@C,, complexes were carried
out on the most stable spin state at the same level of theory.
Interaction energies (E;,) of designed M@C,, complexes are
calculated by using the following equation:

AE; = Eypcao — (Ecyo + Ey) (1)

Here, Eygcyo refers to the energy of the complex, whereas
Ec, and Ey; are the energies of the isolated C,, nanocage and
transition metal atom with the most stable spin state,
respectively.

The adsorption energy AE 4, of hydrogen is also calculated
by using eq 2 to further estimate the adsorption capacity of
designed complexes. In eq 2, Egymacao refers to the total
energy of the Hy-adsorbed M@C,, complex, Ey, refers to the
energy of individual H, molecule, and Eygcyo corresponds to
the energy of designed M@C,, complexes.

AE,4 = Exmacao — (Emacao + Em) ()

The reaction energy (AE) and activation energy barrier (E,)
are computed according to eqs 3 and 4, respectively, where Eg,
Erg and Ep represent the energies of the reactants (R),
transition state (TS), and the product or final state (P),
respectively. The reaction pathways and mechanism of the
hydrogen dissociation reaction were determined by comparing
the activation energy barriers (E,).”"

AE = E;, — Ex (3)

E, = Eq — Ey (4)

To explore the knowledge of the donor—acceptor
interactions, the mechanism of dissociation of the H, molecule
over designed complexes was further evaluated via EDD and
NBO analyses. NBO analysis was carried out at the B3LYP/6-
31G(d,p) level of theory, which elaborates the nature of
bonding in terms of charge transfer and orbital interactions.
Moreover, to get a clearer idea of the nature of interatomic

https://doi.org/10.1021/acsomega.3c00721
ACS Omega 2023, 8, 14077—-14088


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

interactions, quantum theory of atoms in molecules (QTAIM)
or topological analyses were performed via the Multiwfn 3.8
program.

3. RESULTS AND DISCUSSION

3.1. Geometry Optimization and Adsorption Energy.
The designed M@C,, complexes are optimized to their most
stable geometry prior to the hydrogen adsorption and
evaluated using the B3LYP/6-31G(d,p) level of theory. The
titled nanocage of interest, C,, fullerene, consists of 12 five-
membered fused rings with an average C—C bond len_§th of
1.44 A (b5,5 bond), consistent with the reported one.”* The
computed geometry of C, fullerene at both top and side views
is presented in Figure 1. Moreover, the first-row transition

(@) (b)

Figure 1. Top view (a) and side view (b) of the optimized structure
of the C,, nanocage with the average C—C bond length mentioned at
the B3LYP/6-31G(d,p) level of theory.

metal atoms are exohedrally doped over the C,, nanocage at
various doping sites, i.e., on the top of pentagons and at the
bS,S interface. In all the considered M@C,, complexes, the
most stable complex is observed on the bS,5 interface. The first
four possible spin states of the designed M@C,, complexes are
optimized using DFT spin-polarized quantum chemical
simulations to get the lowest and most stable possible
geometry. The relative energies of the first four possible spin
states of M@C,, complexes in eV are listed in Table S1
(Supporting Information). Among studied complexes, doublet
is the most stable spin state for Sc@C,, and Cu@C,,, quartet
for V@C,y and Co@C,, and sextet for the Mn@C,, complex,
whereas the most stable spin state for Ti@C,, is triplet, that for
Cr@C, and Fe@C, is quintet, and that for Ni@C,, and Zn@
Cy is singlet. All the designed M@C,, complexes are
optimized at zero charge. The lowest energy spin states are
considered as the most stable one and are used in this study for
discussion hereafter.

The ground-state optimized geometries along with C—M
bond lengths of designed complexes are given in Figure 2, and
their corresponding interaction energies are given in Table 1.
From Figure 2, it is obvious that the interaction bond distances
between the carbon atom of C,, fullerene and the transition
metal are observed in the range of 1.82 to 2.10 A, which
principally reveal chemisorption. The lowest interaction
distance is calculated for the Ni@C,, complex (1.82 A) for
each Ni—C bond, followed by the Zn@C,, complex (1.85 A).
In the case of the Ni@C,, complex, the lowest bond value is
also justified from the highest interaction energy (AE,,) value
of —6.14 eV, whereas the highest value of interaction distance
of 2.10 A is calculated for the Sc@C,, complex for each Sc—C
bond among all designed complexes. It is further observed that

interaction bond distance values are gradually decreased with
the increase in atomic number from Sc to Zn. The calculated
interaction distance values between C,, fullerene and the
transition metal atom are almost similar when compared with
the previously reported M—C bond lengths.>

Besides interaction distance, another important parameter to
evaluate the stability is interaction energy. The interaction
energy of M@C,, complexes is calculated using eq 1, and the
interaction energy values in different spin states are related to
their unpaired electrons present (see Table 1). The negative
sign of interaction energy values reveals that transition metal
atom doping over the C,, nanocage is a facile process for all
metal atoms (Sc—Zn). Among all studied M@C,, complexes,
the highest value of interaction energy is computed for the
Ni@C,, complex, revealing the corresponding thermodynamic
stability of this complex. The highest E;, value of the Ni@C,,
complex is very nicely correlated with the shortest bond length
of the M—C bond (see Figure 2). The E,, values in the range
of —1.53 to —6.14 eV are calculated for all considered
complexes, which further confirm the stability of designed
complexes. Overall, no post-optimization structural deforma-
tion is observed in any complex (see Figure 2). The results of
interaction energy analysis are also validated through
interaction distances of the M—C bond of M@C,, complexes.

3.2. H, Adsorption over M@C,, Catalysts. The
adsorption energy (E,q,) of an adsorbed atom or molecule is
defined as the amount of energy required for an adsorbed atom
to get desorbed from the surface. Thus, adsorption is an
exothermic surface-based reaction that liberates energy when a
gas atom or molecule is adsorbed on a surface.”* Initially, the
hydrogen molecule is adsorbed over the top of the transition
metal as well as from the side edge of the complex, and the side
edge position is energetically more favorable for hydrogen
adsorption in all catalysts. Hence, adsorption energy on
average has been computed for the adsorption of the hydrogen
molecule on the side edge position in all designed surfaces (see
Figure 3). Adsorption energy (E,q,) for the H, adsorption over
M@C,, complexes is also computed and listed in Table 1. The
more negative the E g is, the more strongly and rigidly bound
the adhered hydrogen atom is to the catalyst surface, which
corresponds to a favorable adsorption and exothermic process,
whereas the positive E 4, value corresponds to an unfavorable
adsorption and endothermic process. Therefore, the higher the
E.q value is, the H,-adsorbed M@C,, system has higher
stability. In all 10 designed complexes, the hydrogen
adsorption process is energetically favorable without any
distortion in the structure and computed adsorption energy
values are seen in the range of —0.01 to —0.71 eV.
Furthermore, the Cu@C,, (—0.71 ¢V) and Co@C,, (—0.54
eV) catalysts relatively show strong H, adsorption (for details,
check Table 1). The negative adsorption energy values show
that H, adsorption over M@C,, catalysts is a facile process. It
is further observed that the H, molecule approaches the
designed catalysts from the side view location in all studied
systems. Similarly, the H—H bond distance upon adsorption of
the hydrogen molecule over designed M@C,, catalysts is
observed in the range of 0.77 to 0.84 A as mentioned in Figure
3. In the case of some complexes, a slightly larger H—H bond
distance is observed as compared to the isolated H, molecule,
ie, 0.74 A, which is mainly attributed to strong C—H and M—
H bond interactions, and hence ultimately results in weakening
of the H—H bond. Moreover, the M—H interaction distances
vary from 2.22 to 3.34 A, whereas C—H interaction distances
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Figure 2. Optimized structures of stable M@C,, complexes (M = Sc—Zn) with M—C bond distances mentioned at the B3LYP/6-31G(d,p) level of

theory.

Table 1. Summary of Energies for the Interaction of the
Transition Metal (M) Atom over the C,, Nanocage (AE,,,),
H, Adsorption Energies of H,M@C,, (AE,q4), and
Activation Barriers (AE,) for Hydrogen Dissociation
Reaction

complex AE,, (eV) complex AE, 4 (eV) AE, (eV)
Sc@Cyo 298 H,Sc@Cso —0.20 0.76
Ti@Csy -3.09 H,Ti@Cy -0.11 0.65
V@Cyy 282 H,V@Cyy ~0.30 0.80
Cr@Cy -3.24 H,Cr@C,, —0.21 0.83
Mn@C -153 H,Mn@Cs, —031 0.90
Fe@Cy, —2.08 H,Fe@Cy, —0.14 0.84
Co@Csy —2.64 H,Co@C —0.54 125
Ni@Csp —6.14 H,Ni@Cy ~0.30 1.56
Cu@C,, -3.46 H,Cu@C,, —0.71 1.49
Zn@Cyo -2.93 H,Zn@Cs, —0.14 0.53

are calculated in the range of 1.72 to 3.53 A in all studied
complexes (see Figure 3).

Overall, the lowest value of adsorption energy among all
studied M@C,, catalysts is seen in the Ti@C,, catalyst (—0.11
V), whereas the highest adsorption energy value is observed
for Cu@C,, catalysts (—0.71 eV). Overall, the adsorption of
the hydrogen molecule over M@C,, nanocages slightly

increases the H—H bond length and hence reveals the
activation of the hydrogen molecule over designed catalysts.

3.3. Hydrogen Dissociation Reaction over M@C,,
Complexes. Dissociative adsorption of the hydrogen
molecule is one of the prominent reactions on catalytic
surfaces, since this reaction requires the cleavage of a covalent
molecular bond and simultaneously involves the creation of
new chemical bonds (atomic nature). Therefore, the hydrogen-
adsorbed M@C,, complexes are analyzed. To evaluate the best
performance of the considered M@C,, catalysts for the
catalytic dissociation of the H, molecule, the heterolytic
dissociation pathway of the hydrogen-adsorbed complexes is
studied. An activation energy or energy barrier (E,) is
considered as a potential field that can act as an important
criterion to either regulate or localize the transference of
charged particles (electrons).” Therefore, an energy barrier
(E,) should be overcome to start the transport of charges from
the electron donor site (oxidation) to the electron acceptor site
(reduction).

The energetics of the hydrogen dissociation reaction (HDR)
pathway over various designed M@C,, catalysts are pictorially
demonstrated in Figure 4. The free energy diagram declares
that both H,* and 2H* states are energetically favorable in the
case of all the designed M@C,, catalysts, which is confirmed
from the associated negative energy (see Figure 4), unveiling
the thermodynamic stability of these states. The catalytic
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Figure 3. Optimized structures of hydrogen-adsorbed M@C,, complexes (M = Sc—Zn) with important interaction distances mentioned at the

B3LYP/6-31G(d,p) level of theory.

dissociation process of the H, molecule has three steps: the
first step involves the adsorption of the H, molecule, giving an
intermediate, followed by the second step, which involves the
cleavage H—H bond of the hydrogen molecule and, finally,
binding of atomic hydrogen on the corresponding binding
sites.

Among considered hydrogen-adsorbed M@C,, complexes,
the lowest dissociation barrier is calculated for the Zn@C,,
catalyst (0.53 eV), whereas in the case of the Ni@C,, catalyst,
the highest energy barrier of 1.56 eV is observed. Furthermore,
the lowest energy barrier of the Zn@C, catalyst is followed by
Ti@C,y and Sc@C,, catalysts with activation barriers of 0.65

and 0.76 eV, respectively. The energy barriers for the
dissociation of the H, molecule over V@C,, and Cr@C,,
are also comparably smaller with values of 0.80 and 0.83 eV,
respectively. For the rest of the considered catalysts, the energy
barriers are 0.84, 0.90, 1.25, 1.48, and 1.56 eV for Fe@C,,,
Mn@C,y, Co@C,y Cu@C,y, and Ni@C,,, respectively. The
H—H bond distances at the transition state vary between 0.77
and 0.84 A, which reveals that the H—H bond distances
increase upon activation and facile splitting of the H, molecule.
Similarly, the C—H and M—H interaction bond distances are
reduced at the transition state as compared to the intermediate
state (see Figure S).
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Figure 4. Hydrogen dissociation reaction (HDR) pathway on M@C,, (M = Sc—Zn) complexes. The energies of intermediate (H,*), transition
state (TS), and products (2H*) are relative to reactants and are expressed in units of eV.

Herein, the catalysts with better efficiency, i.e, Zn@C,,
Ti@Cy and Sc@C,, catalysts, are considered as representa-
tive models for the detailed investigation of hydrogen
dissociation reaction. Additionally, all these M@C,, complexes
with better catalytic efficiency (Zn@C,,, Ti@C,, and Sc@
C,o) are given in Figure S, whereas energy diagrams of the rest
of studied M@C20 complexes are given in the Supporting
Information (Figure Sla—g). As shown in Figure Sa, on the
Zn@C,, surface, for hydrogen dissociation reaction (H,* —
2H*), initially, the reactant H, is adsorbed at the side edge
position where one hydrogen atom is approaching toward Zn
and the other toward the carbon atom. Then, the dissociation
of the hydrogen molecule resulted in the formation of two H
atoms, which adsorbed at C site and M site positions. This
hydrogen dissociation step needs to overcome the activation
energy barrier of 0.53 eV (12.22 kcal/mol). The H-H bond
distance is a critical structural parameter in dissociation
reaction, which demonstrates the stability of the transition
state. In the case of the Zn@C,, complex, the H-H bond
distance at the transition state extends to 0.85 A, which is
initially at about 0.79 A. This elongation in H—H bond length
upon adsorption declares the activation of the hydrogen
molecule over the Zn@C,, complex. The transition state
shows that the H, splitting process proceeds via heterolytic
cleavage of the hydrogen molecule. The C—H and Zn—H
interaction distances are reduced to 1.96 and 1.92 A (transition
state) from 3.22 and 2.22 A (intermediate), respectively. The
H, molecule is dissociated to give two hydrogen atoms, which
on the product side migrated toward the Zn atom and C atom
(see Figure 5), accompanied by the release of —2.58 eV
energy. The Zn—H and C—H bond lengths upon binding are
calculated as 1.48 and 1.09 A, respectively. Moreover, the
enthalpy of the product side (H,Zn@C,, complex) is —2.19
eV, hence revealing that the product is more stabilized as
compared to reactants.

Similarly, the second lowest barrier is calculated for the Ti@
C, catalyst, and the detailed free energy diagram along with
pictorial representation can be seen in Figure 5b. In the case of
the Ti@C,, catalyst, the calculated C—Ti bond length is 2.05
A between C atoms of C,, fullerene (directly attached to Ti)
and the Ti atom, which nicely correlates with the already

reported literature.”® The H—H bond distance elongates from
0.78 (intermediate) to 0.91 A (transition state) as presented in
Figure Sb. The energy barrier calculated for hydrogen
dissociation over the Ti@C,, catalyst is 0.65 eV (14.98 kcal/
mol). The C—H and Ti—H interaction distances are reduced
from 2.34 and 2.82 A to 1.57 and 2.07 A, respectively, while
moving from the intermediate state to the transition state.
Upon dissociation, the hydrogen atoms bind with the metal
center (Ti—H) and carbon center (C—H) with bond lengths
of 1.75 and 1.09 A, respectively.

In the case of the Sc@C,, catalyst, the initial H-H bond
length of the adsorbed hydrogen molecule is 0.77 A, which
elongates to 0.86 A in the transition state. Just like dissociation
over the Zn@C,, surface, hydrogen dissociation also occurs on
the side edge position over the Sc@C,, catalyst. Again, the
dissociated hydrogen atoms get adsorbed at C site and M site
positions. The hydrogen dissociation step in this case needs to
overcome the barrier of 0.76 eV (17.53 kcal/mol). The C—H
and Sc—H interaction bond distances at the intermediate are
2.27 and 2.30 A, which reduce to 1.72 and 2.12 A at the
transition state, respectively. The dissociated hydrogen atoms
then bind with the metal adsorption site and carbon site
independently with bond lengths of 1.83 (Sc—H) and 1.09 A
(C—H), respectively. Moreover, the enthalpy of the product
side (H,Sc@C,, complex) is —2.00 eV, which reveals that
overall, the product is more stabilized as compared to
reactants. In above discussed complexes, the C—H bond
length is consistent in all cases. The obtained results agree well
with the previously reported literature for H—H bond
distances over various transition metal catalysts.’ =

Table 1 depicts that the energy barriers for the dissociation
of H, molecules over the designed M@C,, catalysts lie in the
wider range of 0.53 to 1.56 eV. Overall, the lowest energy
barrier among all designed transition metal-doped C,,
complexes is calculated for the Zn@C,, complex (0.53 eV),
which can be easily attainable under mild conditions (basic
requirement for the hydrogenation process). This means that
the Zn@C,;, complex has the best catalytic activity for
hydrogen dissociation reaction as compared to the other
studied complexes. The higher catalytic activity of the Zn@C,,
complex is attributed to the higher charge density of the zinc
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0.79

Figure S. The schematic energy diagrams of reactant (R), intermediate (Int), transition state (TS), and product (P) are demonstrated for (a) Zn@
Cyr (b) Ti@Cyy, and (c) Sc@C,, at the B3LYP/6-31G(d,p) level of theory (H, light gray; C, gray; Zn, green; Sc, cyan blue; Ti, purple).

metal atom as compared to other studied first-row transition
metals. The calculated hydrogen dissociation barrier over the
Zn@C,, complex is much smaller than that reported for
Mg, sNiAl, surfaces (0.82 eV) for hydrogen dissociation.®’
Similarly, the dissociation barrier over the Zn@C,, complex is
almost comparable with that of the noble metal-doped Au/
TiO, system, where the energy barrier of 0.54 eV was reported
in the literature.’” Zn@C,, acting as a SAC delivers the best
activity for hydrogen dissociation reaction; therefore, the Zn@

14083

C,y catalyst can be a promising single-atom catalyst (SAC) to
efficiently catalyze HDR.

3.4. QTAIM Analyses. QTAIM analyses (Bader’s quantum
theory of atoms in molecules) are employed to evaluate the
interactions that exist between adsorbed hydrogen and the
designed systems. In QTAIM analyses, the topological
parameters that are helpful for explaining the nature of
interactions along bond critical points are the density of
electron (p), Laplacian of electron density (V?p), Lagrangian
kinetic density (G(,), potential energy density (V,), and total
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Table 2. Obtained Results of the Topological Parameters of the Studied Hydrogen-Adsorbed M@C,, Complexes through
QTAIM Analyses at the B3LYP/6-31G(d,p) Level of Theory

complex analyte—C,N p (au) Vp (au.) Gy (au.) Vi (au.) H,y (au.) -V/G
H,Sc@C,, Sc—H1 0.032 0.102 0.024 —0.023 —0.004 =575
C—-H2 0.063 0.030 0.024 -0.017 -0.017 —1.00

H,Ti@C,, Ti—H1 0.034 0.105 0.027 —0.028 —0.009 =3.11
C—-H2 0.088 —0.028 0.030 —0.064 —0.033 —-1.94

H,V@Cy V-H1 0.038 0.140 0.037 —0.039 ~0.008 —4.88
C—-H2 0.077 —0.093 0.028 —0.053 —0.026 —2.04

H,Cr@Cy, Cr-H1 0.041 —0.095 0.032 —0.040 —0.008 —5.00
C—-H2 0.089 —-0.015 0.029 —0.064 —0.034 —1.88

H,Mn@Cs, Mn-H1 0.039 0.059 0.025 —0.036 ~0.010 ~3.60
C—-H2 0.083 —0.026 0.029 —0.058 —-0.029 —-2.00

H,Fe@Cs, Fe—H1 0.045 —0.069 0.031 —0.045 —0.014 321
C—-H2 0.079 —0.041 0.028 —0.055 —-0.027 —-2.04

H,Co@Csp Co—H1 0.051 —0.066 0.035 —0.055 —0.019 —2.89
C-H2 0.081 —-0.013 0.029 —-0.057 —0.028 —-2.04

H,Ni@C,, Ni—H1 0.076 —0.145 0.073 —-0.111 —0.037 -3.00
C—-H2 0.088 0.016 0.003 —0.029 —0.034 —-0.85

H,Cu@C,, Cu—H1 0.067 0.114 0.059 —0.089 —0.030 —-2.97
C—-H2 0.072 —-0.015 0.026 —0.048 —-0.022 —-2.18

H,Zn@Cyp Zn-H1 0.047 0.110 0.037 —0.046 ~0.010 —4.60
C—-H2 0.071 —0.016 0.026 —0.048 —-0.022 —-2.18

H,Mn@C20 H,Ni@C20

H,Cu@C20 H,Zn@C20

Figure 6. QTAIM molecular plots of the considered hydrogen-adsorbed M@C,, complexes at the B3LYP/6-31G(d,p) level of theory.

electronic energy density (H(,)). The strength of the bond can critical point (BCP), while the nature of interaction can be
be evaluated with the help of electron density (p) at the bond characterized via Laplacian of electron density (V*p). More-
14084 https://doi.org/10.1021/acsomega.3c00721
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over, interatomic interactions can also be evaluated through
the —V/G ratio, i.e., —V(;)/G) < 1 corresponds to weak
interactions, and —V(,/G(,y > 2 shows covalent bonding.
Therefore, the extracted values of bond critical point (BCP)
parameters through QTAIM analysis are listed in Table 2,
whereas the isosurfaces obtained via QTAIM analyses of the
designed hydrogen-adsorbed systems are given in Figure 6.
With respect to the designed catalyst interaction with
adsorbed hydrogen, two (2) BCPs are observed for each
complex, as given in Table 2 and Figure 6. The value of
Laplacian (V?p) for considered BCPs falls within the range of
—0.145 to 0.140 for the hydrogen molecule-adsorbed systems
(H,* + M@C,,). However, the value of Laplacian greater than
zero (V?p > 0) indicates the closed shell interactions, i.e., weak
interactions. Interestingly, Lagrangian kinetic energy and
potential energy density values are obtained as positive and
negative, respectively, which are in accordance with our
designed systems in this study at all the considered BCPs. It is
further observed that the total electronic energy density (H(r)) §
which is equal to the sum of G,y and V{,), has a value of H < 0,
revealing the presence of covalency. For all the studied
complexes, ie., hydrogen molecule-adsorbed systems have a
negative H(, value, hence gratifying the covalent nature of
interactions in the studied systems. The —V/G ratio falls
within the range of 0.85 to 5.75, which further confirms the
finding that except few cases, all the calculated BCPs show
shared shell interactions. These explicit QTAIM analysis
results are superior because they confirm some bond
interactions that are not possible through structural analysis.
Thus, these obtained results are consistent with the calculated
adsorption energies and reactivity of the studied complexes.
3.5. Electron Density Differences and Natural Bond
Orbital Analyses. The activation and dissociation of the
hydrogen molecule over designed catalysts are further
evaluated through electron density difference (EDD) and
natural bond orbital (NBO) analyses. NBO analysis is carried
out to estimate the exact amount of charge that is being
transferred from the d-orbitals of first-row transition metals
upon H, molecule adsorption. The calculated values of NBO
charges on the transition metal, hydrogen atoms, and
corresponding carbon atom of hydrogen-adsorbed M@C,,
complexes are listed in Table 3. In all hydrogen-adsorbed
M@C,, complexes, the transition metal atom possesses a
positive value of NBO charge, whereas the corresponding
hydrogen atom (H1) interacting with the transition metal
bears a negative value of NBO charge. Similarly, the positive

Table 3. NBO Analysis of Considered Stable Hydrogen-
Adsorbed M@C,, Complexes at the B3LYP/6-31G(d,p)
Level of Theory

complex H1 (e) M (e) H2 (e) C (e)
H,Sc@Csy ~0.167 1275 0.117 —0.418
H,Ti@Cay —0221 1.025 0.159 —0.438
H,V@Cy, —0.209 0.995 0.150 —0417
H,Cr@Cy —0.225 0.921 0.159 —0.395
H,Mn@C,, —-0.201 0.980 0.141 —0.434
H,Fe@Cy, ~0.206 0.929 0.149 —0.419
H,Co@Cyy —0.208 0.859 0.153 —0.404
H,Ni@Cy, —0223 0.631 0.192 —0313
H,Cu@Cy —0.202 0.731 0.155 —0342
H,Zn@C,, —-0.111 0.653 0.089 —0.458

NBO charge is seen on the hydrogen atom (H2) with the
negative charge on the C atom interacting with H2. NBO
analysis shows that the transition metals owing to their
electropositive nature transferred the charges from the metal
atom to the C,, nanocage and H, atoms. The positive NBO
charge on transition metals reveals the transfer of charge from
metal atoms to the C,, support in all designed complexes.
However, on the H2 atom-interacting site, the carbon atom of
the C,, nanocage is extracting charge from the hydrogen atom
(H2). The highest NBO charge is calculated for the Sc metal
(+1.275e), whereas the lowest amount of NBO charge transfer
is calculated for the Ni metal (+0.631e).

Herein, we consider the detailed discussion of charge
transfer of the only representative model, ie., H,Zn@C,,
complex. In this case, a charge of about +0.653e is examined
on the Zn metal atom, whereas a charge of —0.111e is noticed
over the hydrogen atom interacting toward the metal atom
(H1). At the transition state, a charge of —0.458e is calculated
for the representative carbon atom interacting with the
adsorbed hydrogen molecule, whereas hydrogen (H2) bears
a charge of +0.089¢. The positive charge appears on the metal
center, which indicates the electropositive character of the
metal atom and the charge transfer from the Zn atom to the H
atom. Similarly, the positive charge on the hydrogen (H2)
atom reveals the transfer of NBO charge from the hydrogen
atom to the carbon atom participating in the transition state.
Overall, the charge transfer analysis unveils the strong binding
interactions of the metal atom with the adsorbed H, molecule,
thus causing the dissociation of the H, molecule. The transfer
of charges along both interacting sites is greatly responsible for
the H—H bond elongation, hence facilitating the hydrogen
splitting process over M@C,, complexes. Furthermore, NBO
analysis indicates the transfer of charge from the metal atom to
the H, molecule, resulting in filling up o* (antibonding
orbital) of hydrogen and thus marking the dissociation of the
H-H bond.

Electron density difference (EDD) is carried out to further
validate the results of amount of charge transfer upon
hydrogen adsorption obtained via NBO analysis. The EDD
isosurfaces plotted for all studied hydrogen-adsorbed M@C,,
complexes are presented in Figure 7. The electron density
difference plots exhibit violet and cyan blue patches, which
therefore confirm the transfer of charges upon hydrogen
adsorption. In the color scheme, violet-colored isosurfaces
depict the electronic density depletion, whereas cyan blue
isosurfaces show the accumulation of electron density. It is
obvious from EDD that charge is transferred from the
transition metal to the hydrogen atom (H1) and from H2 to
the carbon atom upon hydrogen molecule adsorption in all
studied M@C,, complexes (for details, see Figure 7). In all
considered complexes, the violet patches mainly appear over
the transition metal atom and hydrogen atom (H2), presenting
the electronic density depletion, whereas cyan blue-colored
isosurfaces appear over the hydrogen atom (H1) and carbon
atoms of the C,, nanocage. The results of EDD analysis are
strongly consistent with the outcomes of charge transfer
(NBO) analysis. Furthermore, this charge transfer process
facilitates the process of filling up ¢* (antibonding orbital) of
hydrogen and thus makes the hydrogen dissociation process
more facile over M@C,, catalysts.

Opverall, transition metal-doped C,, complexes can act as
promising single-atom catalysts (SACs) to efficiently catalyze
HDR. The current study declares the Zn@C,, complex as an
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H,Ti@C>

HV@Cry

H,Zn@C

Figure 7. EDD analysis of studied M@C,, complexes at the B3LYP/6-31G(d,p) level of theory. The cyan blue color presents electron density
accumulation, whereas the violet color shows the depletion of electron density.

efficient electrocatalyst for the hydrogen splitting process with
the lower energy barrier of 0.53 eV. Therefore, it provides a
new avenue for scientists to design high-performance SACs
based on heteroatom nanocages for the facile hydrogen
dissociation process.

4. CONCLUSIONS

Herein, quantum chemical DFT investigations are carried out
to systematically probe the adsorption and catalytic dissocia-
tion of the H, molecule over transition metal-doped C,,
fullerene-based SACs. Transition metal adsorption over C,,
fullerene is exothermic for all considered metals, and the
highest interaction energy is computed for the Ni@C,,
complex. Moreover, the adsorption of the H, molecule over
M@C,, complexes and the hydrogen dissociation barriers are
also systematically compared for all studied complexes.
Hydrogen dissociation reaction (HDR) pathway values
(Figure S) declare that the atomic hydrogen (2H* state) for
studied M@C,, catalysts is energetically more favorable due to
the exothermic process (negative energy). The lowest value of
hydrogen dissociation barrier among all considered M@C,,
complexes is observed for the Zn@C,, complex (0.53 eV).
The better catalytic activity of the Zn@C,, catalyst is
attributed to the higher charge or electronic density of the
Zn metal atom. Charge transfer analyses indicate the transfer of

charge from the metal atom to the H, molecule, resulting in
filling up o* (antibonding orbital) of H, and thus making the
dissociation of the H—H bond feasible. Moreover, QTAIM
analyses are performed to evaluate the nature of interaction
and results show that covalent or shared shell interactions exist
in Hy* + M@C,, systems, which promote the process of H,
dissociation over M@C,, complexes. Overall, the current study
declares the Zn@C,, complex as an eflicient electrocatalyst for
HDR and thus opens a new avenue for researchers to design
high-performance SACs for facile hydrogen dissociation.
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