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Introduction

On the performance of pure and group 2B
transition metal-doped metal oxide nanocages as
single-atom catalysts for the hydrogen storage
process: a DFT study

b

Mohammed N. |. Shehata,?® Lamiaa A. Mohamed, ¢ Tamer Shoeib,

Jabir H. Al-Fahemi & *9 and Mahmoud A. A. Ibrahim

®Hu Yang,

*aef

For an efficient confrontation of the exhaustion of nonrenewable energy sources issue, the storage of
hydrogen as an eco-friendly and renewable alternative energy source has received considerable
attention. Herein, the performance of pure and group 2B transition metal-doped metal oxide nanocages
(M1201, and TM-My;04,; where M = Zn, Mg, and Be; TM = Zn, Cd, and Hg) as single-atom catalysts for
the hydrogen dissociation reaction (HDR) was investigated using DFT calculations. Regarding step-| of
the HDR, all the investigated catalysts exhibited remarkable potentiality to adsorb the H, molecule with
negative BSSE-corrected adsorption energy values up to —5.22 kcal mol™. In step-II, further activation
for the H, molecule over the surface of the M;,0, and TM-M;0;, catalysts occurred, and hence the
transition state (TS) structure was obtained. Upon the energetic results, the Zn;,O;,-based catalysts
exhibited higher performance toward the HDR compared to the Mg;;05,- and Be;;O;5-based
candidates. Furthermore, the Cd-Zn;;0;, catalyst demonstrated the most promising catalytic activity
with an activation energy of 9.58 kcal mol ™! for the Hs---Cd-Zn;;01, complex. In step-lll, one of two
activated H atoms (H1) shifted to the Zn atom, whereas the other hydrogen atom (H2) migrated to the O
atom. Analysis of natural bond orbitals and electron density difference outlined the charge transfer from
M/TM atoms to their interacting hydrogen atom (H1) and from the O atom to the corresponding
hydrogen atom (H2). Quantum theory of atoms in molecules outcomes demonstrated the partial
covalent nature of the interactions within the TS structures, pinpointing the optimum catalytic efficiency.
The obtained results will provide a comprehensive picture of the behavior of metal oxide-based SACs for
HDR catalysis, and hence their performance for the hydrogen storage process.

exhibit remarkable catalytic activity for energy production.*” In
this respect, there are a few obstacles that are linked with noble
metal-based catalysts, such as their high cost, elevated opera-

Nowadays, catalysts are considered to be the fundamental
component in numerous commercial and industrial energy
conversion methods.* The technology of catalysts is essential in
managing the annual production of diverse goods worth one
trillion dollars in the chemical, petroleum, food, and power
industries.” Notably, noble metals (i.e., Pd, Pt, Rh, Ru, and Au)
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tion temperature, and restricted availability.**® In turn, the
noble metal-based catalysts are deemed economically unfea-
sible."** Replacement of noble metals with low-cost ones is
extremely intriguing. In this regard, the first-row transition
metals have gained considerable attention as a result of their
considerable availability and affordability."***

In the realm of catalysis, single-atom catalysis has emerged
as an innovative method for improving performance and
minimizing the usage of metals.”® The single-atom catalysts
(SACs) are materials with a catalytic active metal site anchored
at the atomic scale on precise supports with a noteworthy
surface area.'® In addition to their outstanding catalytic activity,
SACs are characterized by their cost-effective nature and
optimal utilization efficiency, which in turn reinforces their
significant contributions to multilateral applications.**® In
SACs, two-dimensional layered materials, metal-organic

RSC Adv, 2025, 15, 44495-44507 | 44495


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra06216k&domain=pdf&date_stamp=2025-11-14
http://orcid.org/0000-0001-7142-5186
http://orcid.org/0000-0001-5779-1833
http://orcid.org/0000-0003-3512-1593
http://orcid.org/0000-0002-8714-882X
http://orcid.org/0000-0003-4819-2040
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06216k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015052

Open Access Article. Published on 14 November 2025. Downloaded on 11/22/2025 11:12:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

frameworks (MOFs), or metal oxides are the predominant
supports due to their propensity to enhance SACs’ stability.***°
The significant physical and chemical stability, along with
a high surface area, of metal oxides enabled them to be
frequently utilized as supporters.” Recently, studying hydrogen
storage capacity was limited to adsorption energy and bulk
module concepts.” Nowadays, the hydrogen storage vein has
been extended to include the catalyzed hydrogen dissociation
reaction (HDR) as an elementary process.”® Notably, the
preceding reports pinpointed that the HDR entails three
consecutive steps,®*** dubbed hydrogen adsorption, hydrogen
cleavage, and hydrogen migration, in turn forming interme-
diate (I), transition state (TS), and product (P) structures,
respectively. Basically, the activation energy (Eactivation) Was
considered as the most crucial factor in determining the reac-
tivity of the catalysts.>>*® Although a recent study highlighted
the efficacy of metal oxide-based SACs for hydrogen storage
applications from the formation/adsorption energy perspective
and bulk modules,?* their HDR mechanism is still obscure.
Additionally, the impact of the doping process using group 2B
transition metals on metal oxide-based SACs’ performance
through the HDR mechanism has not been investigated yet.
The current study was designed to uncover the efficiency of
pure and group 2B transition metal-doped metal oxide nano-
cages as SACs for the HDR catalysis. The HDR mechanism is
demonstrated in Fig. 1. First, geometrical optimization was
performed for the SACs under study, followed by the electro-
static potential (EP) analysis to uncover the regions with elec-
trophilic and nucleophilic natures over their surfaces. Frontier
molecular orbital (FMO) theory was applied to investigate the
changes in the electronic features after the doping process.
Furthermore, natural bond orbitals (NBO) charges, electron
density difference (EDD), and quantum theory of atoms in
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molecules (QTAIM) computations were accomplished for the TS
structures of the H,---M;,0;, and ---TM-M;,0;, complexes. The
presented study would be a trustworthy reference for the
forthcoming works concerned with designing cost-effective and
high-performance single-atom catalysts for HDR catalysis.

Computational methods

The performance of pure and group 2B transition metal-doped
metal oxide nanocages (M;,0;, and TM-M,;;0;,; where M = Zn,
Mg, and Be; TM = Zn, Cd, and Hg) as SACs for the HDR was
investigated using DFT computations. All the considered
calculations were performed with the help of Gaussian 09
software®! using the M06-2X method due to its well-documented
accuracy for thermochemistry and kinetics.** Moreover, Los
Alamos National Laboratory 2-Double-zeta (LANL2DZ) basis set
was utilized for the Zn, Cd, and Hg atoms*® and the 6-311+G**
one for the remaining atoms.** Based on the literature,
LANL2DZ is a plausible basis set for describing the transition
metals due to its ability to thoroughly describe their electronic
nature and core potential,**-** while 6-311+G** offers a prom-
ising balance between computational efficiency and
accuracy.**°

Geometrical optimization computations were first carried
out at the singlet state for the M,;,0;, catalysts and at the lowest
four possible spin states for the TM-M;,0;, ones. For TM-
M;,0;, catalysts, relative energy (Ereiative) COMputations were
accomplished to pinpoint the most favorable spin state using
eqn (1). All the forthcoming calculations for the isolated TM-
M;,0;, catalysts were conducted at the most favorable spin
state. Spin contamination was also computed for the studied
catalysts by computing the expected value of the <S*> operator
through eqn (2).
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TM-My; Oy,
(a) Pure and 2B-Group Elements-Doped Metal Oxide Nanocages as Single-Atom Catalysts (SACs)
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(b) Hydrogen Dissociation Reaction (HDR) Mechanism

Fig. 1
intermediate, transition state, and product structures.
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(a) Schematic representations for the M;,04, and TM-M;;03, catalysts, (b) relevant structures for the HDR mechanism, including reactants,
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Erelative = ETM-M“OQ - E‘TM-M“O12 at the most favorable spin state (1)
<§*>=8(S+1) (2)

where Erviv,,o,, refers to the energy of TM-M,;0;, catalysts at
a definite spin state, whereas the Epnim,,0,, at the most favorable spin
state Tepresents the energy of TM-M;,0;, catalysts at the most
favorable spin state. All the forthcoming calculations for the
isolated TM-M,;0;, catalysts were conducted at the most
favorable spin state. S is the half number of unpaired electrons.

The formation energy (Eform) of M1,01,/TM-M;;0;, catalysts
was calculated with respect to the isolated atoms as illustrated
in eqn (3). Moreover, relative formation energy (Efeat*®) for the
TM-M;,0;, catalysts with reference to the corresponding pure
nanocages was evaluated through eqn (4).**

Etorm = (EM,,0,yT™M-M,,0,, — @Em — bErym — 12E0)/24 (3)

relative

Etorm ~ = Etm-m,,0,, — Em,,0,, £ Rl (4)

where Ey, o, /rmom,,0,, Fefers to the energy of M;,0,,/TM-M;,0,,
catalyst. Ey, Erv, and Eg represent the energies of a single M,
TM, and O atom, respectively. a and b stand for the number
of M and TM atoms within the investigated SACs, respectively.
The n; and p; represent the number and chemical potential of
atoms, respectively. For one-to-one metal substitution in the
M,,0;, nanocages, eqn (4) could be simplified to be as follows:

11 1
EEMIZOH - EETMHOIZ) (5)

E;:;Irz;:ve = (ETM-MnOlz -
where Ery, 0, refers to energies of the optimized TM;,0,,
nanocages.

Electrostatic potential (EP) analysis was carried out, aiming
to pinpoint the electrophilic or nucleophilic surfaces over the
SACs under investigation.*® In this context, the molecular elec-
trostatic potential (MEP) maps were built for the M;,0,, and
TM-M;,0;, catalysts at the most favorable spin state with the
implementation of a 0.002 au electron density envelope. Addi-
tionally, FMOs were conducted to study the TM-doping impact
on the electronic features of the M;,0;, catalysts at the most
favorable spin state. In this vein, the distributions of the highest
occupied/lowest unoccupied molecular orbitals (HOMO/LUMO)
were created for the M,;,0;, and TM-M,,0,, catalysts. Addi-
tionally, HOMO/LUMO energies (i.e., Epomo/ELumo) were
calculated. Accordingly, the Fermi level (Eg;) and energy gap
(Eqap) were assessed via eqn (6) and (7), respectively. The TM-
doping impact on the reactivity of SACs was studied by evalu-
ating the % AE,,, using eqn (8).

E — F
Er. = Enomo + w (6)
Eg.p = ELumo — Enomo 7
<ETM-MHO|2) _ (EMlzolZ)
% AEgy = ~—b 2 %100 (8)
eap M,01,
(E2°)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the ionization potential (IP) and electron affinity
(EA) were calculated from eqn (9) and (10), respectively.

IP = —Enomo 9)

EA = —Erumo (10)
In the power of Koopman’s theorem,** the chemical reactivity
descriptors of the employed SACs, including global hardness
(m), work function (@), electrophilicity index (), global softness
(S), and chemical potential (1) were computed through eqn
(11)—~(15). In the work function calculation, the vacuum-level
electrostatic potential (Vei(; )) was suggested to be nearly 0.

o ELUMO - EHOMO

g = SHNO ZSHONO (11)
= M (12)
S = % (13)
w= % (14)

P = Vel(+w) — EFL (15)

For the HDR mechanism, three consecutive steps were
defined along the reaction pathway. In step-I, the propensity of
the M;,0;, and TM-M;,0;, catalysts to adsorb the H, molecule
was estimated by evaluating the adsorption energy (E.qs) as
follows:

Eads = Lintermediate — Ereactanls (16)
where Eintermediate identifies the energy of the intermediate
structure of Hy --M;,01,/TM-M;,0,, complexes. Eieactants
represents the sum of energies relevant to the isolated M;,0;,/
TM-M;,0;, catalysts and H, molecule. Further, the corrected
adsorption (Esqre*?) and interaction (E{3™*?) energies of the
H,-*M;,01,/TM-M;,0;, complexes were calculated via eqn (17)
and (18), respectively. The annihilation of the basis set super-
position error (BSSE) from the ESqre**d and E{Sr™“* energies
was carried out using the counterpoise-corrected method.*
Furthermore, the solvent effect upon the adsorption process
was investigated by assessing the solvation energy (AEg)
values using eqn (19).

orrected
Egas = EH,--M,,0,/TM-M,,0,,

— (En, + Em,0,/TM-M,,0,,) T EBsse (17)

orrected
Ei = EH,.-M,,0,/TM-M,,0,,

- (E‘H2 in complex + EM,2012/TM—M“012 in complex) + EBSSE (18)

AESOIV: solvent — Egas (19)
where Ey,..m,0,m™M,0, 1S the energy of the considered

complexes. En o, /mv-Mm,0,, and Ey, are energies of the isolated
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M;,04,/TM-M;;0;, catalysts and H, molecule, respectively. The
Enm,,0,,/TMM,,0,, in complex a0 Ex in complex are the energies of the
M;,04,/TM-M;,0;, catalysts and H, molecule with respect to their
coordinates in the optimized complexes. Epsse is the energy of
basis set superposition error. Egqene and Egyg represent energies of
the studied complexes in the gas and solvent phases, respectively.

In step-II, the TS structures were located at the lowest four
possible spin states. Frequency calculations were performed to
corroborate the TS with one imaginary frequency along with the
absence of imaginary frequency for the rest geometries (i.e., true
minima nature). The intrinsic reaction coordinate (IRC) calcu-
lations were performed for the TS structures to verify that all the

View Article Online

Paper

procured structures were adequately connected to their
respective minima along the imaginary vibration mode. In
addition, the activation energy (E,ctivation) Was computed as the
energy difference between the TS structure (Ers) and the inter-
mediate (Eintermediate) ONE via eqn (20).

Eactivation = ETS - Eintermediate (20)
In step-I1I, the hydrogen migration step was studied. In this
vein, the reaction energy (Ereaction) and released energy (Eejeased)
along the reaction pathway were computed via eqn (21) and (22),
respectively.
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Fig. 2 Optimized structures and MEP maps of the M;,0;, and TM-My; 04, catalysts at the most favorable spin state.
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(21)

(22)

Ereaction = Loproduct — Eimermediate

Erclcased = Eproducl — Ers

where the Erg and Eproquce refer to the energies of the TS and
product, respectively.

In this context, the literature states that the charge transfer
was considered the most crucial factor beyond the occurrence of
the investigated HDR catalysis.>**” Therefore, analyses of NBO
and EDD were performed for the TS structures of Hy---M;,01,/
TM-M;,0,, complexes at the most favorable spin state to
provide a comprehensive explanation of the activation and
dissociation processes pertinent to the H, molecule over the
examined catalysts. In order to examine the interactions within
the TS structures of H,--- M;,0,, and ---TM-M;,0,, complexes
at the most favorable spin state, QTAIM analysis was accom-
plished by extracting the bond critical points (BCPs) and bond
paths (BPs). Moreover, the topological parameters at the desired
BCP were evaluated. EP and QTAIM analyses were conducted
using Multiwfn 3.7 software.*® Using Visual Molecular
Dynamics program, QTAIM schemes were created.*”

Results and discussion
Spin state study

Geometrical optimization computations were accomplished for
all TM-M;;0;, nanocages at the lowest four possible spin states
to investigate the spin state effect on the stability of the studied
nanocages. To determine the most preferable structure, the
Erelative and the expected values of <> operator are listed in
Table S1. Frequency calculations were also conducted to verify
the true minima of the obtained geometries.

From Table S1, favorable structures were procured for all
TM-M,,0,, catalysts at the singlet state that could be illustrated
as an upshot of filling up all d orbitals. Accordingly, the ex-
pected values of the <S*> operator were found to be zero for all
the studied catalysts, highlighting the absence of spin
contamination. Frequency calculations demonstrated that
there was no imaginary frequency for all TM-M,,0;, catalysts,
confirming the true minima character.

Geometric structure and EP analyses

To pictorially illustrate the nucleophilic and electrophilic
regions on the surfaces of the studied catalysts, EP analysis was
employed.**** The optimized structures and MEP maps of
M;,0;, and TM-M,;,0,, catalysts at the most favorable spin
state are pictured in Fig. 2. The geometrical features of the
optimized catalysts are tabulated in Table 1.

Inspecting the optimized structures of the studied catalysts
unveiled that the M;,0,, and TM-M,,0;, catalysts consisted of
six four- (tetragons) and eight six-membered (hexagons) rings.
Moreover, two distances of the M/TM-O bond were disclosed;
the first was denoted within the four-membered rings (d,), and
the other within the six-membered rings (d,). Furthermore, the
MEP maps illustrated the localization of electrophilic and
nucleophilic areas on the M/TM and O atoms, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Geometrical features of the studied M1,045 and TM-M;O1»
catalysts at the most favorable spin state

Distance

(A
Catalyst d, d, Egorm (kcal mol™)  Efgiat¥e (keal mol ™)
Zn1,01, 1.91 1.98 —102.28 —
Cd-Zn,;;0,, 210 218 —101.20 ~0.29
Hg-Zn,,0,, 217 228  —99.36 0.04
Mg1,010 1.88 1.94 —125.10 —
Zn-Mg110;, 1.91 1.98 —123.28 —1.87
Cd-Mg,0,, 2.09 217 —122.12 —0.43
Hg-Mg .0, 214 227 —120.26 0.48
Be1,01, 152 1.58 —159.86 —
Zn-Be;;0;,  1.91 1.98 —155.12 ~1.33
Cd-Be;;0;,  2.09 217 —154.05 ~2.00
Hg-Be;;0;, 217 227 —152.13 0.37

From Table 1, values of d; and d, relevant to the M;,0;,
catalysts were in line with the previous reports.**>* Upon the
doping process, d; and d, were greatly lengthened; for instance,
d,/d, were 1.91/1.98 and 2.10/2.18 A for the Zn;,0;, and Cd-
Zn,;,0, catalysts, respectively. Clearly, remarkable negative
E¢orm values were perceived for all studied M;,0,, and TM-
M;;,0;, catalysts, in the range from —99.36 to
—159.86 kcal mol™'. Moreover, the lack of any structural
deformation following the optimization within the TM-M;;0;,
catalysts highlighted the facile character of the doping process
on the M;,0,, catalysts. Moreover, Eiclative £51 the TM-M;,0;,
catalysts were predominantly negative, with only small positive
values in a few cases, indicating the facile nature of the doping
process and the energetic stability of the resulting structures.*
Overall, the outcomes of Egypy, and ELatve along with the
absence of imaginary frequency of all M;,0,, and TM-M;,0;,
catalysts, demonstrated that the investigated catalysts were
stable nanocages rather than aggregates. Such findings were in
line with the molecular dynamics-based results relevant to
Zn;,01,, Mg;,0;,, and Be;,0;, nanocages.”>>

Electronic parameters

In order to investigate the electronic features of chemical
systems, FMOs theory is employed.***> Using the FMOs, the
changes in the electronic characteristics of the studied catalysts
after the doping process were studied. Fig. 3 demonstrates the
HOMO/LUMO electron densities for the M;,0;, and TM-M;,0;,
catalysts. Table 2 compiles the electronic parameters, including
Enomos ELumo, Err, and Eg,, values.

Distributions of the HOMO and LUMO patterns illustrated
in Fig. 3 highlighted the localization of nucleophilic and elec-
trophilic sites over the O and M/TM atoms, respectively. Clearly,
the redistribution of molecular orbitals of the TM-M;;0;,
nanocages was indicated in comparison to the M;,0,, ones,
highlighting the significant impact of the doping process on
altering the electronic properties of the M;,0,, catalysts.

As compiled in Table 2, the electronic parameters of the
M;,0;, nanocage were generally changed upon the doping

RSC Adv, 2025, 15, 44495-44507 | 44499
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Fig. 3 HOMO and LUMO distribution patterns of the M;,0;, and TM-My;0O,, catalysts at the most favorable spin state.

process. For example, the Exomo/ELumo/Er/Egap Values were
—10.611/—0.671/—5.641/9.940 and —9.556/—3.035/—6.295/
6.521 eV for the Be;,04, and Hg-Be;;0;, catalysts, respectively.
Clearly, values of E,,, were observed to increase in the order
Zn;,04, < Mg;,01, < Be;,01,, demonstrating the high reactivity
of the Zn;,0;, catalyst compared to the Mg;,0,, and Be;,0;,
candidates. Further, the value of Eg,, demonstrated the great
potential of Zn;,0;,-based catalysts toward the charge transfer

44500 | RSC Adv, 2025, 15, 44495-44507

process, which in turn supported the remarkable catalytic
activity of the Zn,,0,,-based catalysts compared to the Mg;,0,,-
and Be;,0q,-based ones. Moreover, negative % AEg,, values
were disclosed upon the doping process using group 2B tran-
sition metals. Accordingly, such an annotation pinpointed the
effective effect of the doping process on upgrading the reactivity
of the considered nanocages.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electronic features (in eV) of the M,01, and TM-M;;045
catalysts at the most favorable spin state

Catalyst Enomo Erumo Epr Egap % AEgap
Zn1,01, ~8.815  —1.952  —5.384  6.864 —
Cd-Zn,,04, 8652  —2.023 —5.338  6.629 —3
Hg-Zn,,0,, 8504 —2.180 —5.342 6325  —5
Mg 1,04, ~8.485  —1.093  —4.789 7392  —
Zn-Mg,,0,, ~8.461  —1.152  —4.807  7.309  —1
Cd-Mg;,04, 8266  —1.274  —4.770  6.992  —4
Hg-Mg;,04, ~8.077  —1.448 4763  6.629 -5
Bey,O1s ~10.611  —0.671  —5.641  9.940  —
Zn-Be;, Oy, ~10.062 -1.676  —5.869  8.385  —16
Cd-Bey; 045 —9.714  -2.508  —6.111  7.207  —14
Hg-Be,;0y, —9.556  —3.035 —6.295 6521  —10

Global indices of reactivity

In the vein of electronic parameters, global indices of reactivity
were calculated for the M;,0;, catalysts before and after the
doping process. Accordingly, various global indices of reactivity,
including IP, EA, u, 0, S, w, and @, were assessed and are listed
in Table S2.

As could be observed in Table S2, the Zn;,0,, catalyst
exhibited a higher reactivity character compared to the Mg;,0,
and Be;,0;, ones via observing a more positive S and less
positive n values. This phenomenon might support the higher
preferability of the Zn;,0;, catalyst toward the charge transfer
process and hence higher catalytic activity. Numerically, S
values were 0.291, 0.271, and 0.201 eV ' for the Zn,;,Os,,
Mg1,05,, and Be;,04, catalysts, respectively. After the doping
process, less positive IP and 7, along with more positive EA, S,
and w values, were observed. Evidently, values of IP/EA/u/n/w/®
were 10.611/0.671/—5.641/4.970/3.201/5.641 eV and shifted to
9.556/3.035/—6.295/3.260/6.078/6.295 eV for the Be;,0,, and
Hg-Be 105, catalysts, respectively. Accordingly, this finding
exhibited the ample effects of the doping process on enhancing
the electronic features of the M;,0;, catalyst.

Adsorption study

In this study, the HDR was processed through three steps. First,
the adsorbing ability of M;,0,, and TM-M;;0, catalysts toward

0.75A

2234 / J

l2881&

H,*Zn;,0y,

Fig. 4 Optimized structures of the Hy---M;,01, complexes.
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the H, molecule was investigated. The optimized structures of
H, -*M;,0;, and ---TM-M,;0;, complexes at the most favorable
spin state are represented in Fig. 4 and S1, and the corre-
sponding complexation parameters are compiled in Table 3.

Obviously, in step-I, the adsorption process of the H, mole-
cule over all M;,0;, and TM-M,;0,, catalysts was distinguished
by the lack of any structural distortion. In addition, the dyyrv-u
and do_y intermolecular distances were observed to be aligned
within the range of 2.03-3.06 and 2.50-3.91 A, respectively
(Fig. 4 and S1). Moreover, it was seen that the length of the H-H
bond had a relatively small extension to 0.75 A, compared to its
counterpart for the isolated H, molecule (di;_; = 0.74 A). Such
variation was attributed to the emerging interactions between
the M/TM and O atoms with the H, molecule. This process
entirely resulted in a weakening of the H-H bond, which led to
a slight activation for the H, molecule over the utilized M;,0;,
and TM-M,,0,, catalysts.

From an energetic perspective, the calculated E,qs and
ESgrrected yalues ranged from —1.93 to —5.59 and from —1.68 to
—5.22 keal mol ™', respectively, pinpointing the potentiality of
M;,0;, and TM-M;,0;, catalysts to adsorb the H, molecule
(Table 3). Furthermore, negative Efo"*“ for all complexes with
values up to —5.40 kcal mol " were also observed. Notably, for
the H,---M;,0;, complexes, the adsorbing ability was denoted
to increase in the following order: H,:--Zn;,01, = +--Mg;,015 >

--Be;,0;, complexes. Regarding the H,--*TM-M;;04,
complexes, negative values of E,q/ESGT°? were detected to
decrease on going from TM = Zn to Cd and Hg atoms. For
example, E,qo/ES3Te*? values were —3.65/—3.18, —3.27/—3.09,
and —2.27/—2.00 kcal mol™" for H,:-Zn-, Cd-, and Hg-Zn;,0,
complexes, respectively. Furthermore, negative AEg,, values
were observed for all H,---M;,0;, and ---TM-M,;,0;, complexes,
announcing the crucial role of the solvent effect in enhancing
the investigated interactions.

Hydrogen dissociation reaction (HDR)

In order to evaluate the catalytic performance of the M;,0;, and
TM-M;;,0;, nanocages as SACs toward the hydrogen storage
process, their reaction pathways were generated with the help of
IRC calculations. Initially, the TS structures for H,---M;,0,, and
--'TM-M;,0;, complexes at the lowest four possible spin states

075A

J ,.277/&

H,*Be;;,01,
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Table 3 Complexation parameters of the H;---M1,0;, and ---TM-M;;0;, complexes at the most favorable spin state throughout the three
hydrogen dissociation reaction steps. Distances and energies are given in A and kcal mol™?, respectively

Step-I: hydrogen adsorption

Distance

Complex dM/TMfH do-u dH—Ha Eqqs Ecorrecmd Elcr?tr rected AEgo1y
H,-Zn;,01, 2.23 2.88 0.75 —3.65 —3.18 —3.02 —143.38
H,---Cd-Zn,;04, 2.47 2.80 0.75 —3.27 —3.09 —3.02 —149.80
H,+-Hg-Zn;,0;, 2.86 2.50 0.75 —2.27 —2.00 —1.96 —160.84
H, --Mg1,015 2.28 2.77 0.75 —3.58 —3.21 —3.21 ~111.31
H,--Zn-Mg;;0,, 2.28 2.93 0.75 —3.05 —2.77 —2.77 —113.24
H,Cd-Mg;,01, 2.45 3.44 0.75 —2.82 —2.67 —2.67 —119.22
H,'+-Hg-Mg;,0;, 3.06 2.50 0.75 ~1.93 —1.68 -1.75 —131.50
H,---Be;,04, 2.03 2.58 0.75 —3.04 —2.80 —3.17 —39.85
H,---Zn-Be;;0;, 2.14 3.15 0.75 —5.59 —5.22 —5.40 —49.43
H,---Cd-Be;;04, 2.31 3.63 0.75 —5.13 —5.00 —5.14 —62.41
H,---Hg-Be;,0;, 2.42 3.91 0.75 —3.97 —3.78 —4.03 —74.65
Step-1I: hydrogen cleavage

Distance
Complex dvytv-n do-n dy-n” FEactivation
H,-Zn;,045 1.91 1.32 0.95 13.67
H,--Cd-Zn,;04, 2.10 1.37 0.93 9.58
H,'+-Hg-Zn;,0;, 2.18 1.43 0.89 9.84
H, --Mg1,015 1.95 1.24 1.03 14.82
H,--Zn-Mg;;0,, 1.92 1.32 0.97 14.80
Hz' . 'Cd‘Mgl1012 2.11 1.37 0.93 10.76
H,--Hg-Mg,04, 2.19 1.43 0.90 11.29
H, --Be;,04, 1.47 1.15 1.12 32.90
H,--Zn-Be;;0;, 1.83 1.30 0.99 18.76
H,---Cd-Be;;04, 2.01 1.34 0.96 14.94
H,---Hg-Be;;0;, 2.08 1.43 0.91 13.25
Step-III: hydrogen migration

Distance
Complex dM/TM—H dO—H Ereaction Ereleased
H,---Zn;,01, 1.66 0.96 —3.81 —17.48
H,--Cd-Zn,;04, 1.79 0.96 —12.39 —21.97
H,---Hg-Zn,;0,, 1.72 0.96 —26.48 —36.32
H, *Mg1,01, 1.78 0.98 8.41 —6.41
H,--Zn-Mg;,0;, 1.66 0.96 —3.12 -17.92
Hz' . 'Cd‘Mgl1012 1.79 0.96 -11.71 —22.47
H,---Hg-Mg;,0,, 1.73 0.96 —25.92 —37.21
H, -Be1;015 1.37 0.98 24.27 —8.63
H,---Zn-Be;;04, 1.63 0.96 1.18 —~17.58
H,---Cd-Be;;04, 1.76 0.96 —6.68 —21.62
H,---Hg-Be;,0;, 1.70 0.96 —24.15 —37.40

% The dyy_y; was 0.74 A for the isolated H, molecule.

were located. In the IRC vein, all the localized TS structures were
authenticated to connect their corresponding minima along the
imaginary vibration mode adequately. The calculated Eiejative
values for H,--*TM-M;;0;, complexes at the lowest four
possible spin states are listed in Table S3. The reaction path-
ways of the H,---Cd-Zn;;0;,, ---Cd-Mg;,01,, and ---Hg-Be;;04,

44502 | RSC Adv, 2025, 15, 44495-44507

complexes, as the most proficient ones, are displayed in Fig. 5.
The reaction pathways of the remaining complexes are delin-
eated in Fig. S2. Table 3 compiles the complexation parameters
of all the studied complexes.

From Table S3, the most favorable spin state for the H,---M-
M;;,0;, complexes was selected as the one with the lowest

© 2025 The Author(s). Published by the Royal Society of Chemistry
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favorable spin state. R, I, TS, and P symbols refer to reactants, intermediate, transition state, and product structures, respectively.

activation energy barrier (Eactivation). Accordingly, the singlet
spin state was the most proficient one for all complexes. This
observation coincides with its analog for the isolated TM-
Zn;,0;, catalysts (Table S1).

© 2025 The Author(s). Published by the Royal Society of Chemistry

In step-II, the TS structures of all H,---M;,0,, and ---TM-
M;;0;, complexes pinpointed the occurrence of heterolytic
hydrogen cleavage from the molecular form to the atomic one
(i.e., H, —>2H*) (Fig. 5 and S2). As a consequence, a remarkable
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increase in the dy;_y value was noticed to range from 0.89 to 1.12
A, announcing that the H, was entirely activated over the
M;,0;, and TM-M,,0,, catalysts. Further, the dy;rv-p and do-
ones declined till they ranged in the 1.47-2.19 and 1.15-1.43 A
distances. Generally, the Eycivation Was aligned within the 9.58-
32.90 kcal mol ' energetic scope. Comparatively, lower
Eqctivation values were noticed for the H,---TM-complexes
compared to the H,---M;,0;, ones, announcing the signifi-
cant role of the doping process in reducing the E,ctivation Values.
Moreover, E,ctivation Values were detected to diminish in the
order H,:-Be;;0q5/--"TM-Be;;01, >  Hy*Mgy,04,/ - TM-
Mg1101, > Hy-Zn;»0q,/--*TM-Zny,04,, announcing the
remarkable catalytic behavior of Zn,;,0,, and TM-Zn;;0;,
catalysts compared to their analogs. Among all the investigated
complexes, the minimum E,.qvation Value was observed in the
case of the H,---Cd-Zn;;0,, complex, highlighting that the Cd-
Zn,,0,, catalyst produced the best catalytic performance.
Notably, the significant E,ctivation value relevant to the H,--
Be;,0;, complex (i.e., poor catalytic performance) could be
interpreted as owing to the low chemical reactivity of the
Be;,04, catalyst with a high Eg,, value.

In step-III, one of the dissociated 2H* atoms migrated to the
M/TM atoms and the other to the O atom. For the product
structures, values of dyyrv-p and do_y were arranged from 1.37
to 1.79 and from 0.96 to 0.98 A, respectively. This hydrogen
migration step was accompanied by releasing a significant
amount of energy in the scope from —6.41 to —37.40 kcal mol .
Overall, the obtained findings showed the considerable poten-
tiality of M;,0;, and TM-M,,0;, catalysts toward HDR catalysis.

As an exemplary model, the complexation parameters of the
H,--Cd-Zn;,0;, complex were demonstrated due to the ample
catalytic performance of the Cd-Zn,;,0,, catalyst. As shown in
Fig. 5, the H-H bond distance was prolonged from 0.74 t0 0.75 A
after the hydrogen adsorption step. Subsequently, TS structures
manifested the existence of the H, molecule heterolytic cleavage
to the atomic form (i.e., H, —2H*), causing an increase in the
H-H bond from 0.75 to 0.93 A via an Eactvation Of
9.58 kcal mol™'. In addition, the dry_p and do_y decreased
from 2.47 to 2.10 A and from 2.80 to 1.37 A, respectively. These
findings delineated the full activation of the H, molecule over
the Cd-Zn,;0;, catalyst. Finally, the two activated hydrogen
atoms independently migrated to the Cd and O atoms with dry-
1 and do_g; of 1.79 and 0.96 A, respectively. Upon the product
formation, an energy of —21.97 kcal mol ' was released. It is
worth noting that the product structure was more favorable
than the intermediate one (Ereaction = —12.39 keal mol™).

Overall, for all H,---M;,0,, and ---TM-M;,0,, complexes, the
calculated Eping and E,ctivation Values were generally observed to
be close to the accessible ranges for reversible hydrogen storage,
as previously announced.*****® This observation demonstrates
the reversibility of the hydrogen storage process and hence its
experimental feasibility.

NBO and EDD analyses

NBO and EDD investigations are performed to provide further
characterization for the activation and dissociation processes of
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Table4 NBO charges (in e) of the TS structures relevant to the studied
Hy--*M1,01, and ---TM-My;0O;, complexes at the most favorable spin
state

Complex M/TM H1¢ (¢} H2¢

H,Zn;,0;, 1.464 ~0.287 ~1.493 0.271
H,---Cd-Zn,;0,, 1.594 —0.280 —1.520 0.239
H,---Hg-Zn,;0y, 1.573 —0.243 ~1.533 0.214
H,---Mg1,01, 1.462 —0.364 ~1.482 0.308
H,---Zn-Mg,,0;, 1.433 —0.296 ~1.505 0.271
H,---Cd-Mg,;01, 1.570 —0.288 —1.535 0.239
H,---Hg-Mg;;0,, 1.545 —0.253 —1.547 0.216
H, -Be;,01 0.937 —0.262 —1.180 0.433
H,--Zn-Be;; 045 1.468 —0.287 —1.266 0.305
H,---Cd-Be;; 0y, 1.590 —0.295 —1.282 0.275
H,---Hg-Be;;0;, 1.568 —0.241 ~1.290 0.238

¢ The H1 and H2 represent the H atoms interacting with TM and O ones,
respectively.

the hydrogen molecule over the surfaces of the M;,0;, and TM-
M;,0;, catalysts. Table 4 includes the calculated NBO charges
of M/TM, O, H1, and H2 atoms for the TS structures of the H,--
M;,0,, and ---TM-M;,0;, complexes at the most favorable spin
state. EDD isosurfaces for the investigated complexes are shown
in Fig. 6.

Notably, the M/TM atoms had the maximum positive NBO
charges within all H,---M;,0;, and --*TM-M;;0;, complexes
which revealed their electropositive nature, whereas the H1
atom had a negative NBO charge (Table 4). Besides, the O and
H2 atoms had negative and positive NBO charges, respectively.
These annotations affirmed the presence of charge transfer
from the M/TM and H2 atoms to the H1 and O candidates,
respectively. For instance, charges of the Cd, H1, O, and H2
atoms were 1.594, —0.280, —1.520, and 0.239¢, respectively, in
the case of the H,---Cd-Zn,,0;, complex. A great consistency
between the NBO charge-based results and the E,ctivation Values
was noticed. The highest and lowest positive NBO charges of M/
TM transition metals were observed in the case of the H,---Cd-
Zn;101, (e, minimum E,ctivation) and Hy---Be;,01, (i,
maximum Ejcvation) cOMplexes, respectively. Numerically, NBO
charges were 1.594 and 0.937e, along with E,tivation Of 9.58 and
32.90 keal mol™* for the H,---Cd-Zn,;0;, and ---Be;,0s,
complexes, respectively. Furthermore, the amount of NBO
charges relevant to the M/TM atoms within the investigated
complexes was found to increase in the following sequence:
H, -'Be,01p < --*Mg,05, < --'Zn;,0;, complexes. This
progressive increase in charge transfer facilitated H-H bond
cleavage, thereby highlighting the significant catalytic activity of
the Zn,,0,, catalyst compared to the Mg;,0;, and Be;,01,
catalysts.

From Fig. 6, for all H,--M;,0;, and ---“TM-M;,0,,
complexes, the EDD isosurfaces outlined the existence of sea
green-coded patches on the surfaces of the TM and H2 atoms,
suggesting their rich electron density character. The opposite
finding was true in the case of O and H1 atoms that were
adorned with gray-coded patches. Accordingly, the EDD find-
ings highlighted the existence of M/TM — H1 and H2 — O

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EDD isosurfaces of the TS structures relevant to the studied H,---

charge transfer, coincident with the NBO claims. This
phenomenon facilitated filling up the antibonding orbitals of
the H, molecule and hence the hydrogen cleavage process over
the surfaces of M;,0;, and TM-M,;0;, catalysts. Overall, these
observations outlined the significant role of M;,0,, and TM-
M;,0;, SACs in catalyzing the HDR.

QTAIM analysis

Analysis of QTAIM has been recognized as a reliable tool that
provides a comprehensive understanding of the characteristics
of intra- and inter-molecular interactions.>** Portrayals of
QTAIM for TS structures relevant to the H,---M;,0;, and ---TM-
M;,0;, complexes at the most favorable spin state are displayed
in Fig. S3. QTAIM topological parameters are tabulated in Table
S4.

© 2025 The Author(s). Published by the Royal Society of Chemistry

H2°"Cd-Be11012

H,-Hg-Be;0,

M1,0;, and ---TM-My; 04, complexes at the most favorable spin state.

The QTAIM diagrams of the TS structures shed light on the
presence of two BPs within all the H,---M;,0;, and ---TM-
M;;0;, complexes (Fig. S3). The first BP was formed between
the M/TM atom and its interacting H one, while the other BP
was observed between the O atom and its interacting H coun-
terpart. Such annotations announced the potency of the H,
molecule to preferably interact with the M;,0;, and TM-M;,04,
catalysts.

From Table S4, the topological parameters relevant to the
BCPs at the M/TM-H and O-H bonds within the H,::-M;,04,
and ---TM-M;;0;, complexes could be generally concluded as
follows: low positive py,, negative Hy, and —Gy/V}, < 1 values were
noted. Numerically, values of py,, Hy, and —Gy/V;, for the BCP at
the Cd-H bond of the H,:--Cd-Zn,;0;, complex were 0.0449,
—0.0040, and 0.9087 au, whereas they were 0.1125, —0.0553,

RSC Adv, 2025, 15, 44495-44507 | 44505
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and 0.5858 au for the BCP at the O-H bond. The procured
findings unveiled the partially covalent nature of the interac-
tions between the H, molecule and the M;,0;, and TM-M,,04,
catalysts. From the literature, this character represented the
most favorable circumstance for the catalytic interactions.”***

Conclusion

In the essence of searching for a sustainable alternative for
nonrenewable energy sources, the current study was dedicated
to studying the performance of M;,0;, and TM-M,,0,, catalysts
(i.e., M = Zn, Mg, and Be; TM = Zn, Cd, and Hg) toward the
hydrogen storage process. Notably, the most preferable struc-
tures for all the studied catalysts were denoted at the singlet
spin state. For all the H,---M;,0;, and ---TM-M;,0;, complexes,
negative adsorption energies in the ambit from —1.68 to
—5.22 keal mol " were noticed, outlining the adsorbing ability
of all the studied M;,0;, and TM-M;;0;, catalysts towards the
H, molecule. Remarkably, lower E,ctvation values for the
Zn,;,0,-based catalysts were revealed rather than for their
Mg;,04,- and Be;,01,-based counterparts, highlighting their
elevated catalytic activity. Among the investigated catalysts, the
Cd-Zn4,0;, catalyst demonstrated the highest catalytic activity,
where the H,---Cd-Zn;;0;, complex was characterized by the
lowest activation energy barriers (Ejctivation) With a value of
9.58 keal mol™". Results of the natural bond orbitals and elec-
tron density difference analysis unveiled the occurrence of M/
T™™ — H1 and H2 — O charge transfer. Further, the
quantum theory of atoms in molecules confirmed the partially
covalent nature of the interactions between the interacting
species at the TS, which was announced as the optimum cata-
lytic conditions. These observations confirmed that the inves-
tigated M;,0,, and TM-M;,0,, nanocages have a high potential
to act as single-atom catalysts (SACs) for H-H bond dissociation
rather than serving merely as adsorption sites. The procured
results will help experimentalists in designing highly effective
SACs for hydrogen storage applications.
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