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Hydrogen as fuel has gained large interest nowadays as a green energy source. Single-atom catalysis has
emerged as a promising strategy for producing hydrogen. Herein, we investigated the late first row
transition metals (TM = Co, Cu, Zn, Ni and Fe) adsorbed on eight-membered boron ring (TM@B8) as
potential single-atom catalysts (SAC) towards hydrogen evolution reaction (HER) as well as oxygen
evolution reaction (OER), aiming to identify less expensive electrocatalysts with high efficiency. Various
properties including interaction energy (Ei.), energies of frontier molecular orbitals (FMOs), natural
bonding orbital (NBO) charges, total density of state (TDOS) spectra and non-covalent interaction (NCI)
analyses of considered complexes are explored. These findings demonstrated that both pure TM@B8
and hydrogen-adsorbed TM@B8 complexes have both structural and electronic stability. The Co@B8
complex demonstrated a favorable Gibbs free energy of 0.16 eV toward HER under gaseous conditions.
Fe@B8 showed better OER activity having overall nogr of 1.14 eV. These outcomes show the promising
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1 Introduction

Boron's ability to form multiple bonds enables the synthesis of
diverse boranes with unique geometric and electronic proper-
ties."” Boranes have applications as chemical insulators,® high-
modulus fiber composites,* semiconductors,’ refractory mate-
rials® and high energy density fuels” etc. Recently, boron nano-
clusters (B6, B8, B38 and B40 etc.) are reported in literature and
gained attention due to their thermodynamic stability, electron
deficiency, large surface area, low density, high coordination
number and covalent nature.®*® B8 exhibits excellent semi-
conducting, optical, and catalytic properties. Doping of external
metal further enhances the stability, magnetic properties, and
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potential of TM@B catalysts for both HER and OER processes.

electronic transmutation of resultant B8 complexes as evident
from various literature reports.****

Single atom catalysis (SAC) is a rapidly advancing field across
scientific disciplines, where metal atoms are deposited on
a chemical surface to enhance catalytic efficiency.’*** The
atomic size of a metal plays a crucial role in determining cata-
lyst performance. As the size of the metal particles decreases,
the activity increases, alongside an increase in surface free
energy that discourages aggregation into larger clusters."” Sun
et al. used atomic layer deposition (ALD) technique to experi-
mentally synthesize single atom based platinum (Pt) doped
graphene sheet and observed better catalytic performance than
commercial Pt/C catalyst.” Shui and coworkers synthesized rare
earth metals (yttrium and scandium) doped carbon supported
SACs for carbon and nitrogen reduction at room temperature.'®

Recently, there has been growing interest toward hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)
using single-atom catalysis.'”** Hydrogen production through
HER is an endergonic process, the sustainability of which
depends on the suitable catalyst, reactants, and efficient energy
sources. Scientists have assigned color codes to -classify
hydrogen based on the level of sustainability. Currently, small
amounts of “low-carbon hydrogen” are produced through water
electrolysis using nuclear power (purple hydrogen) or grid
electricity (yellow hydrogen).” The production of truly green
hydrogen, however, requires a combination of renewable
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feedstocks, efficient SACs and efficient energy sources, ideally
sunlight.>*?* SACs can lower the overpotential, larger activation
barriers and slow kinetics processes. Extensive research has
been carried out over the last few years to identify SACs having
outstanding efficiency toward green HER. Experimentally, HER
electrocatalysis is multi-step process including the transfer of
two electrons on metallic surface. The whole reaction occurs
under various pH conditions: alkaline,
media.”® Jousselme and coworkers synthesized non-noble metal
single-atom catalysts from carbonized metal-doped ZIFs,
exhibiting high activity and stability toward hydrogen evolution
achieving —322 mV overpotential at —10 mA cm 2 in acidic
media.”” HER under alkaline medium enhances metal stability
and address safety and cost concerns associated with acidic
conditions.”® Kim et al. described the improvement of HER
activity in the presence of alkaline electrolyte.” Hydrogen
production vie HER under extreme pH conditions faces severe
challenges, and sustainable strategy to overcome those involves
utilizing neutral or near-neutral electrolytes for HER. Sun et al.
demonstrated theoretically as well as experimentally that
nitrogen-doped porous Ni framework exhibited exceptional
electrocatalytic performance toward HER under neutral condi-
tions (pH 7) and achieved a current density of 10 mA cm ™2 along
with low overpotential of 64 mV. These substantial experi-
mental reports demonstrate the effectiveness of transition
metal-based SACs toward HER.

Experimental approaches to validate HER activity of catalysts
include valence band photoelectron spectroscopy, electro-
chemistry, and advanced spectroscopic techniques. Theoretical
concepts such as adsorption free energy, microkinetic models,
volcano plots, and d-band centers are widely employed for the
(semi)quantitative evaluation of HER electrocatalysts.* Pt is the
benchmark HER electrocatalyst due to its high exchange
current density in one direction (j,) at equilibrium potential and
low Tafel slope.** According to Sabatier principle, the HER free
energy diagram evaluates H* adsorption/desorption via AGy+,**
which should ideally approach zero for maximum reaction rate
(this ideal Tafel step facilitates both adsorption and desorption
of hydrogen). More than zero value of AGy+ represents weak
hydrogen adsorption (Volmer step) and less than zero repre-
sents strong hydrogen adsorption (Heyrovsky step).** First-
principle calculations allow the construction of HER free-
energy diagrams, revealing the thermodynamic favorability of
specific reaction pathways on various catalyst surfaces. A
correlation between experimental j, and computed AGy~ is
observed as a “volcano curve,” correlating catalyst surface
properties to HER kinetics.>* DFT studies reveal that in MoS,,
only the S-Mo-S edge sites are active for H* adsorption, with
[1010] Mo edges showing AGy+ comparable to Pt.** Electro-
chemical and STM studies validate this, demonstrating j, pro-
portionality to edge length rather than basal plane area.*®
Similarly, g-C;N, with nitrogen-doped graphene exhibits higher
Jo along with lower overpotential () and near-zero AGys,
enhancing HER activity.*” In addition to the free energy level of
each reaction step (reactant, intermediates, and final product),
the possible reaction barriers can also affect the overall reaction
rate. The calculation of reaction barriers for the Tafel step at

2% acidic*® and neutral
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both equilibrium potential and certain overpotential are
achievable just by including n. and 7 for each step (n. denotes
the electron numbers carried by the electrode surface and 7 is
the overpotential of the electrode). Such insights are critical for
designing and optimizing electrocatalysts by tuning electronic
structure and surface chemistry.

Herein, we designed and executed DFT based work to study
the late first row transition metals (Zn, Cu, Co, Ni, Fe) doped B8
nanoclusters as single atom catalysts (SACs) toward HER (see
Fig. 1). We hope B8 nanocluster with first row transition metals
can act as better road map toward SACs for HER. Besides HER,
oxygen evolution reaction (OER) potential is also investigated
using the same transition metals doped B8 SACs as in literature
there are number of SACs are also used to investigate their OER
activity.>*°

2 Computational methods

The structures are built in GaussView 5.0 software,” and
subsequently simulation are processed in Gaussian 09 soft-
ware.*> By building, optimizing, and computing the molecular
model, key properties such as energy, bond lengths, charge
distribution, atomic and molecular orbitals can be obtained.
Gaussian simulations are highly powerful and widely used for
calculating molecular electronic structures and spectral char-
acteristics. wB97XD functional of DFT and Pople's 6-31+G(d,p)
basis set are used in these calculations. The energy minima
structures of isolated B8 and selected transition metals (Zn, Cu,
Co, Ni, Fe) doped B8 complexes are obtained from these
calculations both in gas phase and solvent phase (water).
Interaction energy (Ein.) and Gibbs free energy are also calcu-
lated for the validation of thermodynamic stability of the
complexes under neutral conditions as well as under aqueous
conditions. Ej,, of all designed complexes is calculated by using
the following eqn (1):

Eine = Egs+tm) — (Egs + Etm) 1)

Here, Egsitm), Ess and Epy are the notations for the energy of
transition metal (TM = Zn, Cu, Co, Ni, Fe) doped B8, the energy
of pure B8 and the energy of TM, respectively. The energy gap
(Eg-1), between the highest occupied and the lowest unoccupied
molecular orbitals is calculated by using eqn (2).

EH—L - ELUMO - EHOMO (2)
2H*+ 2¢”
5259

SAC

Fig.1 Schematic diagram showing the proposed mechanism of HER.

H,
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The total density of states (TDOS), non-covalent interactions
index (NCI) and natural bond orbital (NBO) analyses are
studied at wB97XD/6-31+G(d,p) method. The following half
reaction is considered to study the production of hydrogen

(eqn (3))-

o
Hig " +e = SHag (3)

Zero-point corrected energies (AEzpg) are used for the esti-
mation of change in Gibbs free energy (AGy) and change in
enthalpies (AEy). These parameters (AGy, AEy AEzpg) at abso-
lute temperature (at 298.15 K and 1 atm pressure) are calculated
through eqn (4)-(6):

AGH - AEH + AEZPE - TASH (4)

1
AEy = E@sytven) — <E(B8+T) + 5EH2> (5)
1
AFEzpr = Ezppmsit™en) — | EzpEBsiT™) EEZPE(HZ) (6)

We also examined the oxygen evolution reaction (OER)
through four proton-coupled electron transfer mechanism as
shown below as steps (I)-(IV):

TM@B8 + H,O — TM@B8-OH + H* + ¢~ 1)
TM@B8-OH — TM@B8-O + H" + ¢~ (11)
TM@B8-O + H,O — TM@B8-OOH + H" +¢~ (Il
TM@B8-OOH — TM@B8 + O, + H + ¢~ (v)

The variation in Gibb's free energy values of the PCET steps
(D)—(1v) is calculated by using eqn (7)-(10) to estimate further the
overall OER potential.

AG; = Grmass-on + 122Gy, — (Grmaess + Gu,0) (7)

AGy = Grmass-o + 1/2Gy, — Grma@ss-on (8)

AGi = Grm@ss-oon T 112Gy, — (Grm@ss-o + Gu,0) ©)

AGry = Grmass *+ Go, + 1/2Gy, — Grmaess-ooH (10)

One of the important steps of the PCET steps is the one
having highest Gibb's free energy is known as potential deter-
mination step (PDS). The PDS is used to estimate the chemical
kinetics of the chemical processing, and it is directly related to
overpotential (7). The n of OER is calculated by the below given
equation:

(11)

Epps and E° are denoted by electrochemical potential of PDS
and standard electrochemical potential of PDS for the total OER
at 298.15 K and 1 atm pressure.

Noer = Epps — E

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion

3.1 Geometries and stabilities of pure B8 and TM@B8
complexes

The energy minima structure of B8 consists of an eight-member
boron ring having 1.55 A average B-B bond length. We selected
three active sites of B8 nanocluster for transition metals doping
including top of B8 ring, middle of B-B bond and top of B atom
(see Fig. 2).

Initially considered TM are doped on all considered sites
shown in Fig. 2, but after optimization of TM@B8 complexes,
the stable orientation is only obtained is the top central position
of B8 nanocluster (B8-top), as given in Fig. 3. The B-B bond
length of B8 is changed after interacting with TM. The B-B bond
length in Fe@B8, Co@B8, Ni@B8, Cu@B8 and Zn@BS8
complexes is 1.56, 1.56, 1.57, 1.55 and 1.57 A, respectively. We
also estimated the interaction distance between boron ring and
adsorbed transition metals (Drypg). The Dy ps in Fe@BS8,
Co@B8, Ni@B8, Cu@B8 and Zn@B8 is 2.17, 2.09, 2.06, 2.13 and
2.22 A, respectively. The interaction distance between TM and

Boron top

Top of B-B bond

ivTop central position

of B8
3—

Fig. 2 Optimized geometry of B8 showing the selected sites (B8-top,
bond between B-B and top of the B8) for transition metals (TM)
doping.

35859 03w

5509 3380
/4’5>J

7Zn-B8

299999

Fig. 3 The optimized geometries of transition metals adsorbed on B8
(TM@B8, TM = Zn, Cu, Co, Ni, Fe).
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Table 1 The spin multiplicity and relative energies (¢, in kcal mol™Y) of the different spin states for transition metals (TM) adsorbed on B8

Properties Spin states Cu@B8 Zn@B8 Co@B8 Ni@B8 Fe@BS8

Multiplicities Most stable state Singlet Triplet Doublet Quartet Triplet
2™ stable state Triplet Singlet Quartet Sextet Quintet
3rd stable state Quintet Quintet Sextet Doublet Singlet

Erel Most stable state 0.00 0.00 0.00 0.00 0.00
2™ stable state 13.53 15.59 17.83 22.91 15.68
3rd stable state 63.02 57.27 36.96 24.66 17.51

B8 is noticeably decreased as the interactive forces are opera-
tional between the two species.

The three lowest spin states of each complex are analyzed to
identify the most stable spin multiplicity (see Table 1 for relative
energies). The most stable states for Zn@B8 and Fe@BS§ are
triplet. Singlet is observed as the most stable state for Cu@BS,
doublet for Co@B8 and quartet for Ni@B8. Compared to the
triplet state of Fe@B8, the quintet and singlet states of this
complex have relative energies 15.68 and 17.51 kcal mol " less
stable than the triplet state, respectively. The most stable spin
state for Co@BS8 is the doublet, its quartet and sextet states have
relative energy of 17.83 and 36.96 kcal mol™", respectively
compared to doublet spin state. For Ni@B8, the quartet state is
the most stable one. The sextet and the doublet states have
relative energies of 22.91 and 24.66 kcal mol ' than the quartet
one, respectively. In the case of Cu@B8, the singlet spin state is
highly stable. Triplet and quintet spin states have relative
energies of 13.53 and 63.02 kcal mol " as compared to singlet.
In Zn@B8 complex, the triplet spin state has the highest
stability compared to singlet and quintet spin states, those have
higher energies of 15.59 and 57.27 kcal mol " than the triplet
state.

Thermodynamic feasibility of all complexes is estimated
through interaction energy (Ein) calculation. All TM@BS
complexes have higher E;,;, demonstrating the suitability of TM
adsorption on the BS. Co@B8 is the most stable (—0.32 eV),
followed by Fe@BS8 (—0.26 eV), Ni@B8 (—0.25 eV), Cu@B8
(—0.21 eV), and Zn@B8 (—0.15 eV) (see Table 2). The E;,, value of
complexes under aqueous conditions are —0.30, —10.91, —8.92,
—6.29 and —0.17 eV for Fe@B8, Co@B8, Ni@B8, Cu@BS,

Table 2 NBO charge of TM in each complex (Qrw in |e]), interaction
distance between TM & eight-member boron ring (Dtm_g in A), energy
gap (Egap in €V), the energies of LUMOs (E ymo in V), the energies of
HOMOs (Enomo in eV), interaction energy of single transition metal
adsorbed eight-member boron complexes (€ in eV) and interaction
distance between boron & boron of the boron ring (Dg_g in A) of TM
adsorbed eight membered boron complexes (TM@B8, TM = Zn, Cu,
Co, Ni, Fe)

System Qrm Drms  Euir  Ewvmo  Euomo  Eine Dg g
B8 0 — 8.71 0.41 —8.29 — 1.55
Fe@B8 —0.48 2.17 5.84 —2.61 —8.45 —0.26 1.56
Co@B8 0.10 2.09 5.74 —2.68 —8.42 —0.32 1.56
Ni@B8 —0.28 2.06 5.36 —2.53 —7.89 —0.25 1.57
Cu@B8 0.35 2.13 5.07 —2.93 —8.00 —0.21 1.55
Zn@B8 0.74 2.22 7.32 —0.83 —8.15 —0.15 1.57
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Zn@BS8 respectively (see Table S1, ESIT). The negative value of
interaction energy reflects the thermodynamic feasibility of
complexation of consider transition metals with B8. The shorter
interaction distance between Co and B8 in Co@B8 complex is
evident of its highest stability, which is further proved from Ej,,
of this complex (—0.32 eV). The larger interaction distance (2.22
A) between Zn and B8 is in Zn@B8 complex shows the weak
complexation, which is supported by low Ej,, of this complex.
The Ej, result of our complexes is similar to the investigation
on various 2D nanosheets used for the electrochemical process
of the HER.*

3.2 Electronic properties of pure B8 and TM@B8 complexes

Frontier molecular orbitals (FMOs) analysis is employed to
assess the electronic characteristics of B8 and TM®@BS
complexes (for values see Table 2). The Ey_p of the pure B8
nanocluster is 8.71 eV, which decreases after doping with
transition metals. After doping with transition metals, the Ey; 1,
for and Zn@B8, Cu@B8, Ni@B8, Co@B8 and Fe@B8 complexes
is 7.32, 5.07, 5.36, 5.74 and 5.84 eV, respectively. The Ey_y, values
indicate the semi-conductor nature of TM@BS8 complexes and
indicate their suitability as electrocatalyst toward HER. The Ey;_;,
is decreased due to change in the energies of HOMO and LUMO
orbitals. The lowest Ey_y, of 5.07 eV is seen for Cu@B8 complex,
which indicates the increase HOMO energy and decrease of
LUMO energy compared to pure B8. Similar behavior is seen for
the other complexes except Fe@B8 and Co@B8 complexes,
where HOMO energy is increased after complexation. Isodensity
in HOMO orbital is located on the bonds between boron atoms
and the interaction sites of the boron ring with transition
metals, whereas in LUMO orbitals are located primarily on the
individual boron atoms of the B8 and to a lesser extent on
transition metals (see Fig. S1, ESIT).

Natural bond orbital (NBO) charge analysis revealed the
charge transfer between transition metal and B8. NBO charge
value on transition metals confirm the direction of charge
transfer in B8 complexes (Table 2). NBO charge value on Co, Cu
and Zn is 0.10, 0.35 and 0.74|e| in Co@B8, Cu@B8 and Zn@B8§
complexes, indicative of transfer of electronic density from
metal toward B8. In Fe@B8 and Ni@B8 complexes, the negative
charge values on Fe and Ni indicating the shifting of electronic
density from B8 surface towards the transition metals. The
electronegativity difference of Fe and Co relative to boron is
more, which is responsible for withdrawing the electrons from
boron and metals act as electron acceptors. Wu and colleagues
also observed negative charges during the investigation of HER

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



Zn@B8

Fig. 4 Graphics of EDD analysis of TM@B8 (TM = Zn, Cu, Co, Ni, Fe)
complexes.

activity of transition metal doped iron sulphide complexes.*
Janjua also observed the similar trend of NBO charges while
working on transition metals adsorbed Mg;,0;, nanocages.*

Electron density distribution (EDD) analysis is performed to
observe qualitative indication of charge transfer between TM
and B8. Two different colors (cyan blue and purple) as shown in
Fig. 4 are indicative of charge transfer. In Fe@B8 and Ni@B8
complexes, purple color on B8 represents the charge transfer
from the B8 toward the transition metals. The cyan blue color
surface on the interacting site of the TM (Fe and Ni) illustrates
the acceptance of charge by TM. In Co@B8, Cu@B8 and Zn@B8
complexes, purple color is on TM (Co, Cu and Zn) represent the
charge transfer from the transition metals toward the B8. The
cyan blue surface on the interacting site of B8 illustrates the
acceptance of charge by BS8.

3.3 Geometric and electronic properties of hydrogen
adsorbed TM@B8 complexes

For analyzing the HER activity atomic hydrogen (H) is adsorbed
on each TM@B8 complex and optimized geometries are shown
in Fig. 5. Both the transition metal and boron act as cationic
species, inducing polarity in nearby atoms which stabilizes the
interaction species. The interaction distance between hydrogen
and TM is 1.48 A in H/Fe@B8, 1.44 A in H/Co@BS8, 2.06 A in H/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H/Fe@B$
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H/Co@BS8
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H/Ni@B8

49599

H/Zn@B8

H/Cu@BS8

Fig. 5 The optimized geometries of hydrogen adsorbed TM@B8
complexes.

Ni@B8, 2.09 A in H/Cu@BS, and 1.69 A in H/Zn@B8 complexes
(see in Table 3). The short bond distance i.e. 1.44, 1.48 and 1.69
A in H/Co@BS, H/Fe@B8, and H/Zn@B8 complexes confirmed
the more effective hydrogen adsorption. In H/Ni@B8 and H/
Cu@B8 complexes, hydrogen is adsorbed on boron instead
TM having bond distance of 1.35 and 1.19 A, respectively.

The E;,. of hydrogen with isolated B8 is —1.82 eV. A varia-
tional trend of Ej, is observed after H adsorption with TM@B8
(TM = Zn, Cu, Co, Ni, Fe) complexes. The Ej,, of H atom in H/
Fe@BS, H/Co@BS, H/Ni@B8, H/Cu@B8, and H/Zn@BS
complexes is 0.02, —0.01, —0.04, —0.05 and —0.02 eV, respec-
tively (see Table 3). The reasonable thermodynamic stability is
seen for H/Cu-B8 complex (Ey = —0.05 eV) which is also justi-
fied from the less bond distance of 1.19 A between H and B
atoms in respective complex. The interaction energy increases
with decreasing interaction distance. You et al. worked on Ni
doped phosphide, and they observed almost similar hydrogen
adsorption energy trend.*® These results are also similar to
results of transition metals adsorbed Mg;,0;, complexes which
were suggested as potential SACs toward HER.* Afterward,
these complexes are also optimized with hydrogen adsorption
under neutral conditions. The Ey; values of H@BS8 (—1.18 V), H/
Ni@B8 (—1.36 eV), H/Cu@B8 (—1.46 eV) and H/Zn@B8 (—0.05
eV) show the high thermodynamically stable of all the catalysts.
Meanwhile, the Eyomo of H/Fe@B8 and H/Co@B8 are 0.03 and
0.15 eV, respectively (see Table S1, ESIY).

Variations in energies of frontier molecular orbitals in
TM@B8 complexes is observed after hydrogen adsorption.
HOMO energy in H/Zn@B8, H/Cu@B8, H/Ni@B8, H/Co@B8
and H/Fe@B8 complexes is —8.05, —8.40, —7.96, —8.47, and

RSC Adv, 2025, 15, 6863-6874 | 6867
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Table 3 NBO charge value on TM (Qtm in |e]), LUMOs energy (E umo in eV), HOMOs energy (Enomo in eV), the HOMO-LUMO gap (Ey-(, in eV),
NBO charge value on hydrogen (Qy in |e|), bond distance between hydrogen & TM (Dy_tm in A) and boron & hydrogen atom (Dg_y in A),
adsorption energy of hydrogen in TM@B8 (Ey in eV) complexes and Gibb's free energy (AGy in eV) of hydrogen adsorbed TM@B8 (TM = Zn, Cu,

Co, Ni, Fe) complexes

System Qrm Erumo Enomo By Qu Dy-tm Dy Dyp En AGy

H@B8 — —1.24 —7.88 6.64 0.03 — 1.52 1.38 —2.37 0.76
H/Fe@BS8 —0.70 —1.21 —8.56 7.35 0.14 1.48 2.67 1.56 0.02 0.42
H/Co@B8 —-1.34 —2.36 —8.47 6.11 0.40 1.44 2.66 1.56 —0.01 0.16
H/Ni@B8 —0.10 —2.54 —7.96 5.42 0.20 2.06 1.35 1.56 —0.04 —1.23
H/Cu@B8 0.31 —2.45 —8.40 5.96 0.07 2.09 1.19 1.59 —0.05 —-1.13
H/Zn@B8 0.57 —3.76 —8.05 4.29 —0.32 1.69 3.35 1.56 —0.02 —0.28

—8.56 eV, respectively. The energy of LUMO in H/Zn@B8, H/
Cu@B8, H/Ni@B8, H/Co@B8 and H/Fe@B8 complexes is
—3.76, —2.45, —2.54, —2.36 and —1.21 eV, respectively. The Ey_y,
is increased after hydrogen adsorption in TM@BS8 complexes
except H/Zn@B8. The smallest Eyy, is observed for H/Zn@B8
(4.29 eV), followed by H/Ni@B8 (5.42 eV), H/Cu@B8 (5.96 eV)
and H/Co@BS8 (6.11 eV) complexes (see Table 3). The Ey_, of H/
Fe@BS8 is increased to 7.35 eV. A similar trend of change in Ey_;,
gap was observed in TM doped MoSSe complexes by Deng
et al.¥” which justifies the validity of our results. Ey 1, g of H/
Zn@B8 complex is the lowest one (4.29 eV) as compared to H/
B8 complex. The isodensity in HOMO orbitals in H adsorbed
complexes is located on the bonds between the boron and the
interaction sites of the boron ring with the transition metals.
The isodensity in LUMO orbitals is primarily concentrated on
the boron atoms of the B8 ring, with small amounts on the
transition metals and hydrogen atoms in each complex (see
Fig. S27).

The NBO charge on H in H/Fe@B8, H/Co@B8, H/Ni@B8 and
H/Cu@B8 complexes is 0.14, 0.40, 0.20 and 0.07|e|, respectively
indicating the shifting of electronic density from hydrogen
toward TM@B8 complexes. The highest charge transfer of
0.40|e| is observed in H/Co@B8. In H/Zn@B8 complex, charge
on H is —0.32|e|, which indicated the charge transfer toward the
hydrogen atom. Specifically, 0.57, 0.31, —0.10, —1.34, and
—0.70|e| charges are seen on the TMs of the H/Zn@B8, H/
Cu@B8, H/Ni@B8, H/Co@B8, and H/Fe@B8 complexes (see
Table 3). Co metal in H/Co@B8 has the highest NBO charge of
—1.34Je|, while Ni metal in H/Ni@B8 has the lowest charge
transfer (—0.10le|) in H/Ni@B8. Variation in the NBO charge
reflects the interactions between H and designed TM@BS (T =
Zn, Cu, Co, Ni, Fe) complexes. The interaction distance between
Co metal and hydrogen is the shortest one compared to other
complexes. This represents more interaction, which is also
cleared from the highest negative charge on Co (—1.34|e|). The
hydrogen attached to the Co has the higher positive charge
(0.40|e|) which shows the charge transfer from hydrogen to Co
metal in H/Co@B8 complex.

Graphics of EDD analysis showing qualitative indication of
charge transfer between TM@B8 and hydrogen are shown in
Fig. 4. In H/TM@B8 complexes, purple color on TM@B8
represents the charge transfer from the TM@B8 toward H. The
cyan blue color surface on the interacting side of the H which
illustrates acceptance of charge by H. particularly, in Fe@B8
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Co@B8, Ni@B8 and Cu@B8 complexes, purple color on
hydrogen represents the charge transfer from the hydrogen
toward the TM@BS8. The cyan blue color surface on the inter-
acting side of the TM@B8 which illustrates acceptance of
charge by TM@BS (Fig. S37).

Total density of states (TDOS) spectral analysis is performed
to study the energy states of occupied and unoccupied molec-
ular orbitals. The HOMOs and LUMOs are represented on the
right and left sides of each spectrum, respectively (see Fig. 6 and
S4t). New energy states are generated in all TM@BS8 (TM = Zn,
Cu, Co, Ni, Fe) complexes due to charge transfer from TM to B
complexes. Furthermore, TDOS spectra verified the change in
Ey 1, on the basis of the HOMOs and LUMOs energy states.
Prominent variations in energy states of TDOS spectra of
hydrogen-adsorbed TM@BS8 complexes (H/TM@B8) are seen.
Among all these complexes, the H/Zn@B8 complex exhibits
a significant variation in the energy states, with the lowest
energy gap (Ey.y) of 4.29 eV. The peak intensity in spectrum
indicates the extent of electronic contribution in each complex.
The highest intensity of peaks is seen in H/TM@B8 complexes,
followed by TM@B8 complexes and then least in pure B8
spectrum. This analysis depicts the higher extent of electronic
contribution in H/TM®@B8 complexes. The average electronic
contribution is seen in TM@B8 complexes in comparison to H/
TM@B8 complexes. The overlapping of the peaks in each
spectrum illustrates the stronger electronic interactions
between these interacting species in both TM@B8 and H/
TM@BS8 complexes. These results are very similar to findings
of Kosar et al. work on HER of TM doped Si;,C;, complexes.*®

The nature of interactions is elucidated from non-covalent
interaction (NCI) analysis through spotting low and high elec-
tronic density regions in complexes. Three-dimensional NCI
and two-dimensional reduced density gradient (RDG) graphs of
H/TM@B8 complexes, are shown in Fig. 7 and ESI Fig. S5.1 3D-
NCI and 2D-RDG graphs interactions are represented by color-
ful patches and spikes, respectively. These colorful patches and
spikes indicate the presence of different types of interactions.
Based on this qualitative analysis in both types of NCI and RDG
graphs; blue, red and green colors indicate strong hydrogen
bonding, repulsive forces, and weak van der Waals forces. In our
current study, the red color patches (3D-NCI) and spikes (2D-
RDG graphs) show repulsion between the boron atoms of the
pure B8 nanocluster. In TM@BS8 and H/TM@BS8 (TM = Zn, Cu,
Co, Ni, Fe) complexes, the dominant factors are the blue and red

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Total density of states (DOS) spectra of pure B8 and H@B8, Co@B8 and H/Co@B8 complexes.

colors in 3D-NCI and 2D-RDG graphs, respectively. Red color
indicates steric repulsion between the boron atoms in the B8
nanocluster in both TM@BS8 and H/TM®@BS (T = Zn, Cu, Co, Ni,
Fe) complexes. While blue color indicates hydrogen bonding in
H/TM@BS8 (TM = Zn, Cu, Co, Ni, Fe) complexes. Green reflects
the presence of noncovalent interactions in H/TM@B8 (TM =
Zn, Cu, Co, Ni, Fe) complexes.

For quantitative analysis 2D-RDG graphs are used, the Lap-
lacian of density (V?p) is used to differentiate among various
types of bonding. For covalent contacts, negative contributions
predominate, resulting in a negative Laplacian value. For
weaker noncovalent interactions, positive contribution is
dominant in the interatomic region of the Laplacian. The
negative sign of A, is a key indicator of interactions; thus, the
sign of 2, can distinguish between bonded interactions (1, < 0)
and non-bonded interactions (4, > 0). The 1, and the density are
important parameters to distinguish various kinds of non-
covalent interactions. Negative values between —0.020 to
—0.035, shown in blue on the left side of the RDG graph,

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

indicate strong hydrogen bonding. Positive values above 0.010,
shown in red, indicate repulsive forces. The sign(2,)p values in
the range of —0.01 to —0.01, shown in green, indicate weak van
der Waals forces in H/TM@BS8 complexes. Both blue and red
colors are seen in both 3D-NCI figures and 2D-RDG graphs
illustrate strong hydrogen bonding and repulsion forces. The
green spikes are only seen in the 2D-RDG graphs and represent
weak van der Waals interactions in all H/TM@BS8 (TM = Zn, Cu,
Co, Ni, Fe) complexes. As we moved towards the 3D-RDG graphs
of H/TM@B8 complexes, the more prominent blue, green and
red spikes are observed indicating the stronger hydrogen
bonding, repulsive and van der Waals interactions within each
complex after hydrogen adsorption. These results are similar to
Kosar et al. work on HER on TM doped Si;,C;, complexes.*®

3.4 Catalytic activity of TM@B8 complexes toward HER

For an ideal HER catalytic activity, the AGy value should be
closer to zero. The catalytic activity as single-atom catalysts

RSC Adv, 2025, 15, 6863-6874 | 6869
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Fig. 7 3D-RDG graph (right side) and 2D-NClI plots (left side) and of pure B8, HaB8, Co@B8 and H/Co@B8.

(SACs) is evaluated by calculating the change in Gibbs free toward hydrogen evolution reaction. The graphical comparison
energy during HER. Doping of transition metals on the B8 of change in Gibbs free energy of all designed catalysts is shown
nanocluster is supposed to enhance the catalytic efficiency of B8 in Fig. 8. AGy values near zero indicate excellent performance
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< a

for HER activity. Table 3 lists the AGy values for HER: —0.28,
—1.13, —1.23, 0.16, and 0.42 eV for H/Zn@B8, H/Cu@BS8, H/
Ni@B8, H/Co@B8, H/Fe@B8 complexes, respectively. Overall,
Co@B8 exhibits excellent HER activity with a AGy value of
0.16 eV, which is near zero. Ni@B8, with a AGy value of
—1.23 eV, shows the lowest HER activity among the designed
TM@B8 complexes.

One of the factors that affects the change in Gibbs free
energy is the interaction energy of hydrogen. The effective
catalyst must have an optimal balance of hydrogen adsorption
and desorption (E;, not so much high and not so low). Simi-
larly, AGy value should also be optimal near to zero according
to Tafel step. This is obeyed by Co@B8 having Ej,,; of 0.01 eV and
AGy~ value of 0.16 eV. The Fe@B8 exhibits weak hydrogen
adsorption and has Ej,; of 0.02 eV. Due to this reason its AGy is
0.42 eV which makes the adsorption process energetically
unfavorable. Remaining complexes including Ni@B8, Cu@B8
and Zn@B8 show strong hydrogen adsorption as depicted from
their Ej,, values of —0.04, —0.05 and —0.02. Their (Ni@BS,
Cu@B8 and Zn@B8) AGy are also high and ranges from —0.28
to —1.23 which causes impeding desorption.* Among all
complexes, Co@B8 acts as an effective catalyst for the next
generation HER process.**** This Gibb's free energy value is
comparable to the reported values of various complexes in
literature. A detailed comparison of this work is given with the
literature in Table 4.

HER catalytic activity of TM@B8 complexes is also investi-
gated under neutral condition which reported as the best
approach both experimentally and theoretically.>® The AGy
values of HER under neutral conditions are —1.43, 0.82, 0.33,
—1.09, —1.16, and 0.76 eV for H@BS8, H/Fe@B8, H/Co@BS8, H/
Ni@B8, H/Cu@B8, H/Zn@B8 (see Table S1, ESI{). Overall,
Co@B8 exhibits excellent HER activity with a AGy value of
0.33 eV in water as solvent. Cu@B8, with a AGy value of
—1.16 eV, shows the lowest hydrogen adsorption among the
designed TM@B8 catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparative analysis of our best designed single atom
catalysts with reported SACs for HER activity

Complexes AGy (eV) References
Fe@GDY 0.22 54
Fe@MO,CO,, Fe@Cr,CO, 0.16, —0.12 55
Fe@SnO —0.44 56
1T-MoS, 0.07 57
Co@graphene 0.13 58
Re@MoS, —0.43 59
Nb@MoS, 0.06 60

GeP; 0.02 61
NiPd-gCN —0.15 62
MoSi,N,/MoSX (X = S, Se) ~0 63
Ti@Mo0S2 —0.63 64
Pt@GDY, Ni@GDY 0.01, 0.46 65

NiCoP on Co, P sites 0.08, 0.12 66

Co@BS8 0.16 Current work

3.5 Catalytic activity of TM@B8 toward oxygen evolution
reaction (OER)

Oxygen evolution reaction (OER) potential of designed
complexes is also investigated. OER is an essential process
during the electrocatalysis of water splitting. Generally, OER
proceeds through four steps proton coupled electron transfer
(PCET) process. In PCET, three intermediates play a pivotal role
including OH*, O* and OOH* with substrate. All the newly
designed intermediates (OH*, O* and OOH* with B8) in this
study are optimized at same wB97XD with 6-31+G(d,p) using
three lower spin states starting with default spin state. The most
stable spin state of intermediate for each step is given in Table
5, and pictorial representation is given in Fig. 9. The rest of the
results are given in Table S2 and Fig. S6 (ESIt). The change in
Gibb's free energies of each PCET step (AG; — AGyy) is calcu-
lated to know about the kinetics of the OER. The change in
Gibb's free energies is divided into equal values in four PCET
steps for OER of an ideal catalyst. The total AG of PCET is
4.92 eV where the AG of each step is 1.23 eV. The variation in the
thermodynamic stabilities between the intermediates of SACs
causes variation in the Gibb's free energies and over potential of
each PCET steps.®”®® In our current study, total AG is 4.42 eV
and AG ((I)~(IV)) of each step is 1.10 eV. These computational
values are in close agreement with experimental values which

Table 5 The most stable spin states for the intermediates of OER,
potential determining steps (PDS) along with respective Gibb's free
energy change (AGmax in €V) and overpotential (nogr in V)

Intermediates with stable spin

states
Catalysts *+OH* *+O *+OOH PDS AGmax  Moer
Fe@B8 Doublet  Triplet Doublet (mm)  2.24 1.14
Co@BS8 Triplet Sextet Triplet ()  2.71 1.60
Ni@B8 Quartet Quintet  Quartet M 1.69 0.59
Cu@B8 Singlet Sextet Triplet (1) 5.91 4.80
Zn@B8 Doublet  Quintet  Doublet (mm  3.30 2.20
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are accepted in literature.®*’® The change in Gibb's free energies
of the total OER is the summation of the four important steps
which differ from each other based on thermodynamic stability
of the intermediates. Some steps are endergonic in nature and
others are exergonic in nature. Although it is desirable to have
areaction with endergonic behavior. Gibb's free energies values
are used to calculate the overpotential values (see in Table 5).
The higher Gibb's free energies cause increase in overpotential
which is the main cause of high potential in OER.*"* Table 5
illustrates that the desirable potential determination step (PDS)
of Fe@B8, Co@B8, and Zn@BS is step (III). PDS of Ni@B8 and
Cu@BS are (I) and (II), respectively. The best catalytic potential
is observed for Fe@B8 with AGpps and noggr values of 2.24 eV
and 1.14 V, respectively. Because the 1.14 eV of Fe@B8 is seen
close to the 1.10 eV per step value. The same kind of results are
seen in previously published literature.”

Conclusively, Fe@B8 show best performance for OER with
AGpps and nogg values of 2.24 eV and 1.14 V, respectively which
is close to the 1.10 eV per step value of PCET. The Co@B8
exhibits excellent HER activity with a AGy value of 0.16 eV,
which is near zero.

4 Conclusion

Late first row transition metal-adsorbed B8 complexes are
investigated as single-atom catalysts (SACs) toward HER appli-
cation. Various properties including interaction energy (Eint),
energies of frontier molecular orbitals (FMOs), natural bonding
orbital (NBO) charges, TDOS spectral analysis, and non-covalent
interaction (NCI) of considered complexes are explored. These
properties helped in describing the thermodynamic stability,
electronic reactivity and types of bonding in TM@B8 complexes.
The doping of TM with B8 nanocluster and further the H
adsorption significantly improved stability of complexes. The
Eine. of all H/TM@BS8 (T = Zn, Cu, Co, Ni, Fe) complexes are
observed in the range of 0.02 to —0.05 eV, indicating thermo-
dynamic feasibility upon complexation. NBO calculations
revealed charge transfer from the adsorbed transition metals to
the B8 nanocluster. After hydrogen adsorption, NBO charges
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transfer to hydrogen and vice versa, highlighting the adsorption
properties of hydrogen. The HOMO-LUMO energy gap for
transition metal-adsorbed complexes ranges from 5.07-7.32 eV,
but this gap reduces up to 4.29 eV, after hydrogen adsorption,
confirming the improved conductivity of the TM@B8 complex.
DOS spectra illustrated the energy states of the molecular
orbitals and the extent of electronic contribution in these
complexes. NCI plots further explained the existence of
hydrogen bonding, noncovalent interactions, and steric repul-
sion in H/TM@B8 complexes. Gibbs free energy and entropy
calculation are instrumental in explaining HER activity.
Conclusively, The Co@B8 exhibits excellent HER activity with
a AGy value of 0.16 eV, which is near zero in gas phase. Fe@B8
show the best performance for OER with AGpps and nogg values
of 2.24 eV and 1.14 V, respectively which is close to the 1.10 eV
per step value of PCET. These outcomes show the promising
potential of TM@BS catalysts for both HER and OER process.
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