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ABSTRACT: The development of high-activity and low-price
cathodic catalysts to facilitate the electrochemically sluggish O2
reduction reaction (ORR) is very important to achieve the
commercial application of fuel cells. Here, we have investigated
the electrocatalytic activity of the two-dimensional single-layer Nb-
doped zirconium diselenide (2D Nb-ZrSe2) toward ORR by
employing the dispersion corrected density functional theory
(DFT-D) method. Through our study, we computed structural
properties, electronic properties, and energetics of the 2D Nb-ZrSe2
and ORR intermediates to analyze the electrocatalytic performance
of 2D Nb-ZrSe2. The electronic property calculations depict that
the 2D monolayer ZrSe2 has a large band gap of 1.48 eV, which is
not favorable for the ORR mechanism. After the doping of Nb, the
electronic band gap vanishes, and 2D Nb-ZrSe2 acts as a conductor. We studied both the dissociative and the associative pathways
through which the ORR can proceed to reduce the oxygen molecule (O2). Our results show that the more favorable path for O2
reduction on the surface of the 2D Nb-ZrSe2 is the 4e− associative path. The detailed ORR mechanisms (both associated and
dissociative) have been explored by computing the changes in Gibbs free energy (ΔG). All of the ORR reaction intermediate steps
are thermodynamically stable and energetically favorable. The free energy profile for the associative path shows the downhill
behavior of the free energy vs the reaction steps, suggesting that all ORR intermediate structures are catalytically active for the 4e−

associative path and a high 4e− reduction pathway selectivity. Therefore, 2D Nb-ZrSe2 is a promising catalyst for the ORR, which
can be used as an alternative ORR catalyst compared to expensive platinum (Pt).
KEYWORDS: O2 reduction reaction, two-dimensional transition metal dichalcogenides (2D TMDs), electronic structure,
associative and dissociative mechanism, adsorption energy, Gibbs free energy, electrocatalytic activity

■ INTRODUCTION
The escalating global population and ongoing advancements in
global industrialization and society have led to a significant
surge in global energy demand. Nowadays, a great part of the
energy demand over the world is fulfilled by fossil fuels.1

However, the bitter truth is that the traditional resources of
fossil fuels are in danger of being depleted with indefinite
extraction and utilization.1 In addition to this, the consumption
of fossil fuels results in the emission of pollutants. So, the
concern about the energy crisis, environmental pollution, and
climate change have put at risk the future of human society.2

The gradual exhaustion of fossil fuels and the detrimental
impact on the environment caused by pollution have provoked
scientists and researchers all over the world to develop
renewable, sustainable, eco-friendly, and highly efficient energy
resources.3

Renewable energy systems, including fuel cells and metal−
air batteries, are efficient solutions to reduce environmental
issues and alleviate energy demand. These technologies are
primarily realized in the water cycle. The fuel cell has gained

significant attention among alternatives to fossil fuels due to its
impressive conversion efficiency, reliable performance, fast
startup, operation at low temperatures, and minimal emissions.
The fuel cell converts chemical energy directly to electricity
without the emission of pollutants. In other words, Hydrogen
(H2), which is generated by harvesting sustainable solar and
wind energies, is used as input and results in power generation
with absolutely zero emission.4 So, fuel cells are the ideal
choice for energy conversion and power sources for a healthy
and sustainable future. The fuel cell relies on some of the
electrochemical reactions, such as hydrogen evolution reaction
(HER), ORR, and oxygen evolution reaction (OER).
However, the practical growth of fuel cells has been extensively
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hindered by the inherent thermodynamic limitation of the
ORR.5 To utilize the ideal performance of the fuel cell, it is
necessary to hasten the kinetics of the ORR. So, today’s
demand is to develop an active material that can serve as an
efficient catalyst and would assist to accelerate the kinetics of
the cathodic reaction.
To date, platinum (Pt) and Pt-based materials serve as a

suitable catalyst for the reduction of O2 at the cathode in the
fuel cell.6−8 Moreover, a sizable overpotential higher than 0.20
V is observed, even with the state-of-art Pt-based catalyst.9 The
utilization of Pt catalysts account for approximately 40−50% of
the total cost associated with fuel cell stacks.10 So, the cost of
the fuel cell imposes serious limitations on the commercializa-
tion of the fuel cell. Moreover, the shortage of noble metals in
the earth’s crust and their insufficient stability toward the
byproducts hinder their widespread applications in modern
science and technology. Thus, the mass production of such
types of electrocatalysts is not feasible. Mainly the mass
production of the ORR catalysts is impeded by the following
three limitations: (1) the high cost,10 currently, the Pt has been
recognized as an effective catalyst in the fuel cells, which has a
limited reserve and has resulted from the high cost of the fuel
cells, and (2) the low performance,11 another factor is the
deficiency of the active sites on the catalyst. To actively use the
efficiency of the fuel cells, it is necessary to fabricate a catalyst
with a large number of active sites and specific selectivity, and
(3) poor stability12 is another factor, which is the cause of the
degradation of fuel cell performance, and is the stability of the
catalysts toward the byproducts formed during the operation of
the fuel cell. The quest for enhanced catalysts for the ORR has
sparked advancements in the identification of nonprecious
metal-based catalysts that exhibit superior catalytic activity
compared to Pt.
In this pursuit, researchers have explored various metals

both in their pure state and through the process of alloying
with other metals. Pt, Pd, Au, Ag, and Ni clusters are to be
effective to catalyze oxygen reduction in their pure form.13

Wang et al. have extensively documented the efficacy of
synergistic Mn−Co catalysts in facilitating high-rate ORR.14

Numerous recent studies have provided substantial evidence to
support the exceptional catalytic properties of metal oxides and
sulfides in the context of ORR, which gives efficiency as good
as the state of art Pt/C catalyst.15,16 Although metal catalysts
have demonstrated excellent catalytic activity, considering the
low availability of metal in the earth’s crust and huge cost, the
expansion of a cheap and efficient catalyst is a paramount need
for realizing the practical applications of fuel cells.
As a typical earth-abundant material, transition-metal

compounds, such as transition metal oxides, metal chalcoge-
nides, metal phosphides, metal carbides, metal nitrides, etc.
have been widely used as promising catalysts for electro-
chemical mechanisms in fuel cells and energy conversion
applications.17 Among all of the transition metal compounds,
two-dimensional transition metal dichalcogenides (2D TMDs)
have gained significant interest as catalysts for electrochemical
reactions. The unique properties of 2D TMDs which make
them suitable for the catalyst are (1) large surface area: the 2D
TMDs have a high surface-to-volume ratio which provides a
large density of active sites; (2) stability and thermal
conductivity: as the 2D TMDs have only planar covalent
bonding, they show excellent mechanical strength and
remarkable resilience, and thermal conductivity enables
efficient dispersion of heat generated during exothermic

reactions; (3) tunable electronic properties: the electronic
properties of the 2D TMDs materials can be tailored by
creating defects, doping, stress, etc.18 The electronic proper-
ties, in turn, tailor the catalytic performance of the materials.
Owing to the above properties, the 2D TMDs are good
candidates for the electrocatalyst of electrochemical reactions.
In the wide family of the 2D TMDs, 2D MoS2 has emerged

as a highly investigated material due to its remarkable catalytic
capabilities.19 MoS2 has been considered a promising non-
noble HER catalyst but only the edge site shows high HER
activity.20,21 In other words, experimental and computational
studies confirm that the electrocatalyst activity of the MX2
(where M is transition metal atoms and X is chalcogens) is
closely correlated with the edge side while the basal plane with
a large area is generally inactive.22,23 To the best of our
knowledge, optimization of both active site and electronic
properties of the 2D MX2 electrocatalysis is highly required. As
we know the basal plane of the 2D TMDs constitutes a large
surface area, therefore if the inert basal planes could be
activated, high electrocatalytic activity would be expected. To
activate the inert basal plane and tailor the electronic
properties, various strategies have been developed such as
creating defects,24,25 metal doping,26,27 nonmetal substitution,
strain engineering,28 phase engineering, etc.29

Among all the strategies, substitutional doping is considered
a suitable technique, as it provides long-term stability without
degrading performance. The dopant atoms change the spin-
density distribution around them, which would change the
strength of O2 adsorption and other reaction species. So, the
ORR process can be performed on the surface of the 2D
TMDs near the appropriate doping atoms. For instance, Xiao
et al. theoretically demonstrated the favorable catalytic activity
of the Co/Ni-doped 2D MoS2 toward ORR.30 Pumera et al.
put forward the idea that introducing Fe and Mn dopants into
the 2D MoS2 can promote its catalytic activity in the context of
ORR.31 Recently, Upadhyay and Pakhira computationally
analyzed that the 2D monolayer Pt-doped MoSe2 exhibits a
superior catalytic activity toward ORR.27 Moreover, the doping
of MoS2 by heteroatoms such as P and N exhibits moderate
adsorption strength of oxygen molecules and enhances the
ORR.32,33 In a recent study by Tain and Tang, it was
discovered that the addition of Ni or Co to materials such as
1T-TiS2, 2H-TiS2, 1T-ZrS2, 1T-NbS2, and 2H-TaS2 results in a
promising electrocatalytic activity for the ORR. The over-
potential required for ORR on these doped materials was
found to be within the range of 0.32−0.55 V, which is
comparable to that of the most advanced electrocatalysts
currently available (i.e., Pt).34 It has been shown that the 2D
monolayer ZrSe2 is a new material of TMDs, has been
successfully prepared experimentally, and has 1T phase as a
stable structure.35−37 Moreover, earlier predictions show that
at low vacancy density, the ZrSe2 and ZrTe2 TMDs have a low
value of hydrogen adsorption energy (ΔEH) and the value of
ΔG is very close to that of Pt.38

In a recent theoretical study, Som and Jha showed an
important observation regarding the catalytic activity of both
the 2D single layer ZrS2 and ZrSe2 materials. They found that
the edge sites of these materials, rather than the basal planes,
play a crucial role in accelerating the HER. To further enhance
the HER kinetics, the researchers decided to introduce the Nb,
Pt, and W dopants in both the 2D ZrS2 and ZrSe2 materials.
Interestingly, they discovered that the 2D Nb-doped systems,
namely, Nb-ZrS2 and Nb-ZrSe2, exhibited a robust metallic
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nature, which significantly boosted their catalytic activity
toward HER. Furthermore, they observed that, on the basis of
ΔG calculations, 2D monolayer Nb-ZrSe2 has the best catalytic
activity toward HER.39 In addition, 2D ZrSe2 possesses
important characteristics that make it a favorable choice. It is
nontoxic, affordable, and exhibits strong resistance to
corrosion. Furthermore, it has been successfully synthesized
on a large scale and experimented with in the form of thin
atomic layers.40 In the context of sulfur- and selenium-based
ZrS2 or ZrSe2 TMDs, the presence of S or Se with a 2− valence
(S2− or Se2−) enhances the reduction capacity, thereby
promoting the activity of the ORR.
Motivated by the extensive research attention and

extraordinary catalytic activity of the Nb-doped ZrSe2 toward
HER, it is the fundamental interest to explore the more
catalytic applications of the 2D Nb-ZrSe2 toward ORR. In this
work, a DFT-D calculation is performed to explore the
catalytic activity of the 2D monolayer Nb-ZrSe2 toward ORR.
In principle, we aimed to answer these questions: how the
doping of Nb alters the structural and electronic properties of
the 2D monolayer ZrSe2? Do the 2D Nb-ZrSe2 catalyst act as
an efficient ORR catalyst? If yes, which path it will follow to
reduce the O2? To answer these questions, we have analyzed
the structural and electronic properties of the 2D Nb-ZrSe2
and examined the changes of Gibbs free energy (ΔG) for all
ORR intermediates at their minimum-energy condition. This
study addresses some unique properties of 2D monolayer Nb-
ZrSe2 and suggests that it can act as an efficient and useful
catalyst for the ORR mechanism. Thus, 2D Nb-ZrSe2 can serve
as an efficient cathodic catalyst in fuel cells and metal−air
batteries.

■ THEORY, METHODOLOGY, AND
COMPUTATIONAL DETAILS

The ORR has an essential role in the functioning of fuel cells.
These electrochemical devices are designed to convert the
chemical energy of the fuel, typically H2, directly into electrical
energy. The working principle of the fuel cell can be defined as
follows:41,42 H2 is produced by the electrocatalytic cell as fuel is
brought into the anode side of the fuel cell. At the anode side,
H2 undergoes a reaction, resulting in the generation of
electrons and protons:

H 2H 2e2 ++

The protons (H+) pass through the membrane, while the
accompanying electrons travel through the electric circuit.
They combine together at the cathode side of the fuel cell with
oxygen. At the cathode, oxygen is reduced to water by reacting
with H+ and e− through the electrochemical reaction:43,44

2H
1
2

O 2e H O2 2+ ++

All these processes rely on some electrochemical reactions.
Among them, ORR is one of the reactions at the cathode that
reduces the oxygen molecule to water.
ORR reaction involves oxygen diffusion, i.e., the O2

adsorption on the surface of the catalysts followed by the H+

+ e− transfer processes to reduce the O2 into water. The
oxygen reduction in acidic media mainly occurs through two
different pathways:45,46 either a four-electron reduction
pathway from O2 to H2O or two electron pathway from O2
to H2O2.

Direct 4e− reduction:

EO 4H 4e 2H O 1.23 eV2 2
o+ + =+

Indirect reduction:

E

E

O 2H 2e H O 0.68 eV

H O 2H 2e 2H O 1.77 eV

2 2 2
o

2 2 2
o

+ + =

+ + =

+

+

The indirect 2e− pathway produces corrosive peroxide
(H2O2) intermediates, which may corrode the catalytic surface;
hence, there would be concern about the stability of the fuel
cell. Moreover, the formation of H2O2 hinders the process and
kinetics of the ORR reaction but also deteriorates the polymer
membrane by generating reactive radicals. Thus, four electron
pathway is preferred and considered more efficient than that of
the two-electron pathway. Based on how the O�O bond
breaks, the 4e− pathway can be divided into two different
reaction pathways:47 (1) O2 decomposition pathway: in this
path the O2 is adsorbed on the surface of catalyst and followed
by the cleavage of O2 bond. Then, it involves a series of
electron−proton transfer reactions to reduce O2 into water.
The detailed reaction steps can be described as follows:

O O2 2+ * *

O 2O2* *

(2) OOH dissociation path: the O2* reacts with H+ and e−

coming from the anode side to form OOH*. Then, cleavage of
the O�O bond occurs into O* and OH*. After that, the
hydrogenation of the O* occurs to form the next OH*. Finally,
the removal of H2O occurs on the surface of the catalyst. The
details can be described as follows:

O H e OOH2* + + *+

OOH O OH* * + *

O H e OH* + + *+

OH H e H O2* + ++

Where the asterisk * denotes the adsorption site. In summary,
we can say that the ORR reaction basically relies on the
cleavage of O�O bond and protonation of the ORR
intermediates.
The catalytic potential of the 2D Nb-ZrSe2 toward ORR is

measured combinedly by computing and analyzing the
adsorption energy with the values of ΔG of each intermediate
species during the subject reaction. We used computational
hydrogen electrode (CHE) method to calculate the adsorption
energy and the values of ΔG of each intermediate. In this
method, the energies are calculated under the standard
conditions (pH = 0, p = 1 bar, T = 298.15 K, and U = 0
V). We have implemented the approach introduced by
Nørskov et al. in our study. Their research showcased a
significant finding that the chemical potential of H+ + e− can
be correlated with 1/2 H2 in the gaseous state, which was
determined using the standard hydrogen electrode.9 Con-
sequently, under the standard conditions, we can calculate the
energy change of the reaction A + H → A + H+ + e− by
employing the reaction A + H → A + 1/2 H2. The adsorption
(or binding) energies (ΔE) presented in this study has been
calculated as the energy difference between the energy of the
model with adsorbed species [Eslab+adsorbate] and the energy of
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the catalytic model [Eslab] and the energy of the adsorbate
[Eadsorbate] according to the following equation:48

E E E Eslab adsorbate slab adsorbate= +

Negative adsorption energy indicates that the adsorbed
oxygen intermediates are attached to the catalytic surface
stably. In other words, a negative adsorption energy signifies
that the adsorbate is likely to bind energetically to the catalyst
surface, indicating a favorable interaction between them.
Therefore, a negative adsorption energy is favorable for
elementary reactions over the catalytic surface. The value of
ΔG in each reaction step was evaluated as49,50

G E E T SZPE= +

where ΔE denotes the adsorption energy obtained from the
DFT-D calculations of the equilibrium structures and ΔEZPE
and ΔS represent the change in zero-point energy and entropy
correction, respectively. T denotes room temperature 298.15 K
in this calculation.
The overpotential, which is noted by η, is an important

parameter that reflects the energy barrier for a given
electrochemical reaction, such as ORR. The relationship η =
ΔGmax/e− + 1.23 V is employed to calculate the over-
potential51 where ΔG is the maximum change in Gibbs free
energy of elementary steps during the O2 reduction reaction
and 1.23 Vs SHE is the thermodynamic potential.
For all the systems studied here (i.e., ZrSe2, Nb-ZrSe2, and

ORR intermediates), the equilibrium atomic configuration,
structures, electronic properties, and energetics were obtained
by using the spin-unrestricted B3LYP DFT framework
implemented in CRYSTAL17 suite code.52 The hybrid
functional B3LYP provides reasonable accuracy in the band
gap calculations. It has a much lower computational cost and is
easier to converge. Additionally, the inclusion of Grimme’s
“-D3” dispersion correction further improves the performance
of the hybrid functionals. To account the weak nonbonding
van der Waals (vdW) interactions between the reactants or
intermediates and the interface, we incorporated the damped
vdW dispersion correction (-D3) within the framework of
density functional theory (DFT), specifically known as DFT-
D3.53 Ying et al. reported in their review article that the B3LYP
hybrid functional improves the energy gaps of a variety of
materials from bulk to surface.54 Muscat et al. established the
reliability of the B3LYP hybrid functional to predict the band
gap of a variety of materials using the local Gaussian basis set
in CRYSTAL suit code or software.55 They claimed that the
B3LYP hybrid functional reproduced observed band gap
reliably in a wide range of the materials, which are in good
agreement with the experimental values and obtained from
more sophisticated correlated calculations or perturbation
theories.55 By considering the advantages and reasonable
accuracy, and the track record of the B3LYP hybrid functional
in computational science, we employed the B3LYP hybrid
functional. To utilize the hybrid functional, we used the
“FMIXING” keyword to mix the FOCK/KS matrix, and we
employed 80% FOCK/KS matrix mixing to maintain the
accuracy of the calculations. A 2 × 2 supercell of the 2D
monolayer structure of the pristine ZrSe2 was considered and
one Zr atom was substituted by one Nb atom to form the 2D
monolayer Nb-ZrSe2 structure, and all the ORR reaction steps
on the surface of the 2D Nb-ZrSe2 were investigated in the
present study. We have utilized the Gaussian types of atomic
basis sets to define the atomic orbitals, which have been found

to yield more precise outcomes compared to plane wave basis
sets.56,57 In simpler terms, although the computational
procedure differs from the plane wave code (i.e., VASP,
Quantum Espresso), both approaches yield identical results. In
the realm of hybrid density functionals, localized Gaussian
basis set codes are inherently well-suited for addressing the
Hartree−Fock (HF) component of the outcome.58,59 For the
Zr, Se, O, H, and Nb atoms, triple-ζ valence polarized (TZVP)
Gaussian basis set were used in the present calculations.60,61

We employed full optimization process, i.e., all atomic
coordinates and lattice parameters were allowed to relax
during geometry optimization. The convergence criterion for
the self-consistent field (SCF) was established as a total energy
difference of 10−7 a.u. between two consecutive iterations. The
threshold controlling of the coulomb exchange integral
calculation was controlled by the five-threshold set 7, 7, 7, 7
(ITOL1 to ITOL4), and 14 (ITOL5) for both the geometry
optimization and electronic property calculations. The
CRYSTAL17 code utilizes the default threshold for geometry
optimization on all atoms, employing specific values for
maximum and RMS force (0.000450 and 0.00300 au,
respectively) and maximum and RMS displacement
(0.001800 and 0.001200 au, respectively). To ensure accurate
2D monolayer, i.e., SLAB calculations using the CRYSTAL17
code, we have established a separation of 500 Å in the normal
surface direction of the 2D monolayer Nb-ZrSe2 along Z-
direction where is no symmetry.27,62 This distance effectively
prevents any spurious interactions between the periodic images
of the monolayer slab. Our current calculations indicate that
this separation is sufficient to mitigate any undesired
influences. While no computational tool is entirely exempt
from limitations, we believe that our use of the CRYSTAL17
code is justified based on its track record. Numerous studies
have been performed which provide a comprehensive overview
of the CRYSTAL’s capabilities, algorithms, and validation of
the outcomes against experimental data and other benchmark
data.63−66 These studies provide insights into code reliability.
Furthermore, various applications of this code in the fields of
solid-state chemistry and physics, quantum mechanics, and
catalysis have been done. In this work, to ensure that the code
CRYSTAL accurately captured the properties under inves-
tigation, we rigorously validated our results by comparing them
with available experimental data and complementary calcu-
lations from other well-established codes. To perform the
integration within the Brillouin zone, we have used 16 × 16 ×
1 k-mesh in the Monkhorst pack scheme67 for the pristine 2D
ZrSe2, Nb-ZrSe2, and all the reaction intermediates for both
the geometry optimization and electronic property calcu-
lations. The electronic band structure was constructed along
the high-symmetry k-path direction Γ-M-K-Γ of the corre-
sponding irreducible Brillouin zone. All the equilibrium
structures with the images were plotted by using VESTA
software.68

■ RESULTS AND DISCUSSION
The equilibrium structure of the 2D monolayer ZrSe2, which is
the main object of this present work, belongs to the 1T phase
(i.e., one atom of Zr is octahedrally coordinated by six atoms of
Se) as shown in Figures 1 and 2. By using VESTA software, a
2D monolayer ZrSe2 primitive cell was computationally
designed, and a model system has been developed for further
studies, and the structure was optimized by using the first
principle-based periodic dispersion-correction hybrid DFT

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00035
ACS Phys. Chem Au 2024, 4, 40−56

43

pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(DFT-D3, noted by B3LYP-D3) method as shown in Figure 1.
The structure is a trigonal 2D slab system with P3̅m1 layer
group symmetry, and the computed unit cell parameters, i.e.,
the lattice constants are about a = b = 3.75 Å of the 2D pristine
monolayer ZrSe2 which is well consistent with the previously
reported values.39,40 Each unit cell consists of one Zr and one
Se atom, as shown in Figures 1 and 2. Then, the doped system
is constructed by substituting one Zr atom with one transition
metal Nb per 2 × 2 supercell of the 2D monolayer pristine
ZrSe2 as illustrated in Figure 1. The doping was defined by the
following equations:

number of doping atoms per 2  2 supercell
number of total metal atoms in 2  2 supercell

=
×
×

So, the Nb dopant atom amounts to 25% (only metal atom
doping) atomic substitution per 2 × 2 supercell of the 2D
ZrSe2. The 2D monolayer 2 × 2 structure of the Nb-ZrSe2
consists of one Nb, three Zr, and eight Se atoms per one unit
cell as represented in Figure 2. The 2D Nb-ZrSe2 system is
then fully relaxed with respect to both atomic coordinates and
cell parameters by the same level of the DFT-D method during
optimization. The equilibrium lattice parameters of the 2D Nb-
ZrSe2 were found to be a = b = 7.38 Å as represented in Figure
2. All the fully relaxed geometrical data of the 2D monolayer
ZrSe2 and Nb-ZrSe2 material have been reported in Table 1
and represented in Figure 2. The ORR mechanism involves the
movements of the electrons; i.e., the transfer or transportation
of electrons is a key process during the electrochemical ORR
mechanism. Previous studies have shown that the electronic
properties (i.e., electronic band gap, band structure, and total
density of states) of catalysts have a significant impact on their
catalytic efficiency. The electronic properties have been
analyzed by computing and observing the electronic band
structure and total density of states (DOSs) of both the 2D

Figure 1. Representation of 2D monolayer ZrSe2 and 2D monolayer
Nb-ZrSe2.

Figure 2. Metal coordination, stacking sequence, unit cell, and structural properties of ZrSe2 and Nb-ZrSe2.
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monolayer ZrSe2 and Nb-ZrSe2 materials. Analysis of the
electronic properties can be useful to obtain information about
electron distribution on the catalytic surface, which is useful to
understand fully the catalytic performance of the catalyst. The

electronic properties of the 2D monolayer ZrSe2 and Nb-ZrSe2
materials have been obtained by employing the same DFT-D
theory. The electronic band structure of the pristine ZrSe2
were plotted in the highly symmetric k-path direction Γ-M-K-Γ

Table 1. Equilibrium Structural Properties of the 2D Monolayer ZrSe2, 2D Monolayer Nb-ZrSe2, and Comparison with
Previously Reported Data

Average bond length

System
Lattice parameters

(Å)
Interfacial angle in

degree
Layer group and

symmetry
Zr−Se
(Å)

Nb−Se
(Å) References

ZrSe2 monolayer a = b = 3.75 α = β = 90° P3̅m1 2.68 - This work
γ = 120°

ZrSe2 monolayer (previously reported) a = b = 3.77 α = β = 90° P3̅m1 2.70 - 39, 40
γ = 120°

Nb-ZrSe2 monolayer a = b = 7.38 α = β = 90° P1 2.67 2.60 This work
γ = 120°

Figure 3. (a) Brillouin zone with high symmetry k-points, (b) top and side view of equilibrium structure of the monolayer ZrSe2, (c) band
structure, (d) total DOSs of the monolayer ZrSe2, (e) top and side view of the equilibrium structure of the monolayer Nb-ZrSe2, (f) band structure
of the monolayer Nb-ZrSe2, (g) total DOSs of the Nb-ZrSe2, and (h) contribution of the d subshell of Nb in the total DOSs.
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with respect to vacuum. The highly symmetric path is shown in
Figure 3a and the equilibrium electronic structure of the 2D
monolayer ZrSe2 material is shown in Figure 3b (top and side
view). The Fermi energy level (EF) of the pristine ZrSe2 was
found at the energy value of −5.34 eV as shown by the dotted
line in Figure 3c and d. The 2D single layer ZrSe2 material
shows semiconducting characteristics with the indirect band
gap of about 1.48 eV as represented in Figure 3c. The DOSs
have been computed by the same level of DFT-D theory, and
the profile of DOSs supports the band gap of the 2D pristine
ZrSe2 which was obtained by the electronic band structures
calculations as shown in Figure 3d. The calculated electronic
band gap of the pristine 2D ZrSe2 is consistent with the
previously reported values.39,40 Doping Nb in the pristine 2D
monolayer ZrSe2 (Nb-ZrSe2) disrupts its symmetry and
introduces additional unsaturated electrons. The equilibrium
structure with the electronic properties of the 2D Nb-ZrSe2
have been calculated at its equilibrium geometry by using the
same level of the DFT-D theory as depicted in Figure 3e−g.
This alteration leads to an augmented charge density in the
basal plane of the 2D monolayer Nb-ZrSe2 resulting in
enhanced catalytic activity toward ORR. We have drawn the
electronic band structure of the 2D Nb-ZrSe2 along the highly
symmetric k-path direction Γ-M-K-Γ like the pristine 2D
monolayer ZrSe2 material with respect to the vacuum for
comparison. The EF of the 2D Nb-ZrSe2 was found at −4.87
eV as represented by the dotted line in Figure 3f−h. The
results from our present DFT-D analysis demonstrate that the
introduction of Nb doping in the pristine 2D monolayer ZrSe2
causes the energy gap to disappear, stemming in a zero-band
gap where the bands are overlapped around the EF making it
conductor. In other words, the 2D Nb-ZrSe2 has metallic
characteristics as shown in Figure 3f. The zero-band gap
indicates easier electron transfer from the valence band to the
conduction band. To support this, we computed the DOSs
calculations using the same level of DFT-D theory. The DOSs
profile shows that there is sufficient carrier concentration about
the EF as shown in Figure 3g. An increased concentration of
electrons near the EF enhances electronic conductivity, thereby
facilitating faster electron transfer to the reactants during the
process of ORR. The carrier density around the EF mostly
comes from the dopant (Nb) d-subshell electron density of
states. Based on our analysis of partial density of states
(PDOS) calculations, we have successfully established the
influence of the d-subshell electron density of states of the Nb
atom on the carrier concentration around the EF, as depicted in
Figure 3h. The contributing component of the d-subshell
electron density of the Nb atom in the total DOSs has been
computed to examine the conducting properties of the material
where the d-subshells electron density of states of the Nb atom
follow the locus of the total DOSs of the 2D monolayer Nb-
ZrSe2 material. In other words, this indicates that the d-
subshell electrons of the Nb atom regulates and tunes the
electronic properties of the 2D monolayer Nb-ZrSe2 material
which may enhance the electrocatalytic activities of the
material.
The distinctive electronic characteristics of the 2D

monolayer Nb-ZrSe2 can be summarized as follows: (1) the
rapid transfer of charges is facilitated by the presence of
continuous band states in close proximity to the EF; (2)
enhanced electron mobility can be observed due to the
significant density of states surrounding the EF; (3) the
metallic properties of the 2D monolayer Nb-ZrSe2 contribute

to accelerate charge transfer leading to improve the ORR
activity.
Considering the previous studies of the ORR mechanism on

TMDs, the surface chalcogen atomic layer takes part in the
reduction process of the molecular oxygen (O2). Recently
Upadhyay and Pakhira investigated the ORR mechanism on
the surface chalcogen (Se) atomic layer of the 2D monolayer
Pt-MoSe2 using DFT-D methods.27 So, in the case of TMDs, it
can be concluded that the surface chalcogen atomic layer is the
active center of the catalyst during the electrochemical ORR
mechanism. In this work, we have investigated the ORR
mechanism in an acidic media, where the protons (H+) and
electrons (e−) transfer take place simultaneously on the ORR
adsorbates to reduce the O2. We considered the Se site as an
active site (near the Nb-doped region) for the ORR adsorbates
including the O2*, 2O*, OOH*, O*, and OH*.
The ORR mechanism was started by analyzing the

interaction of O2 with the active site Se of the 2D monolayer
Nb-ZrSe2. The adsorption of O2 with the active site is the
crucial step to initiate the ORR process and significantly affects
the catalytic activity of the material. Here, we calculated the
adsorption energy of the O2 molecule by taking the difference
between the electronic energy of the absorbed Nb-ZrSe2 of the
O2 denoted by the O2*_Nb-ZrSe2 with the electronic energy
of isolated 2D Nb-ZrSe2 and the gaseous state of the O2
molecule. The adsorption energy of O2 should not be too
positive or too negative for a good electrocatalyst.27,62,69,70 The
higher positive adsorption energy value between O2 and the
active site (called the O2-active site interaction) depicts that it
is not able to capture the O2 molecule. In other words, the
higher and positive value of O2 adsorption energy (around the
active center) leads to poor adsorption of O2 molecules, so it is
very difficult to start the ORR process. A very negative
adsorption energy value between O2 and catalyst is not ideal
for ORR mechanism because a very strong O2-active site
interaction may lead to occupation of active site by O2
molecule and hinders the further reaction steps.27,62,69,70

Thus, very large positive and negative values of the O2
adsorption energy around the active site of the catalyst
diminish the electrocatalytic activity of the material toward the
ORR process. So, the adsorption energy of O2 should be
optimum to efficiently start the ORR on the catalytic surface.
Based on the above discussion, we computed the O2 activation
energy, which could be good descriptor of the catalytic activity
of the 2D monolayer Nb-ZrSe2 toward ORR. In other words,
the determination of the optimal value of O2 adsorption energy
on the Nb-ZrSe2 surface plays a crucial role in initiating the
ORR process. For an ideal condition, the adsorption energy of
O2 on the catalytic surface should be close to zero, which is not
the case in real life. Noble metals, such as Pt are considered the
best catalyst to date for electrochemical reactions especially for
ORR. So, for practical applications the O2-active center
interaction energy for a good catalytic candidate should be
close to or slightly weaker than that of the Pt. Chen et al.
reported that the Pt-based catalyst shows good ORR reactivity,
therefore, can be used as a reference to evolute the catalytic
activity of other materials. The O2 adsorption energies on the
Pt (111) and Pt (100) surfaces were found to be −0.69 eV and
−1.10 eV, respectively.6,71 It was found in the present
calculations that O2 adsorption energy on the surface of the
2D monolayer Nb-ZrSe2 was about −0.15 eV which is smaller
than that of the O2-active site interaction energy of Pt. Thus,
this negative and small adsorption energy of O2 suggests that
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the 2D monolayer Nb-ZrSe2 can be energetically favorable for
electrochemical ORR to proceed further, which indicates that
the 2D monolayer Nb-ZrSe2 material would show an efficient
catalytic activity toward ORR.
Now, the removal of the water (H2O) molecule is the last

step of the ORR mechanism. After the removal of the H2O
molecule, the new ORR cycle of the ORR mechanism starts.
So, suitable H2O adsorption energy is essential during the
ORR mechanism. The adsorption energy of H2O on the
catalytic site should not be too large. The adsorption energy of
H2O molecule was found to be −1.54 eV on the Se-site as
represented in Figure 4. This value might seem like a moderate
adsorption energy (not too large) in one context, and it could
actually be favorable for a particular reaction mechanism, as in
the case of the subject reaction. This value may not appear
extremely small in isolation; it is indeed a suitable moderate
value for the ORR mechanism. This value supports the
efficient adsorption, reaction, and subsequent desorption of
H2O molecules, enabling the catalytic site to remain accessible
and active throughout multiple cycles of the ORR. This means
that the Se site remains accessible for the subsequent cycles of
the ORR. Moreover, the favorable adsorption energies of O2
and H2O on the Se site of the 2D Nb-ZrSe2 indicates that this
material has the potential to serve as an effective catalyst for
converting O2 into H2O during the reduction process.
Now, after the adsorption of the O2 molecule, which is the

initial step of the ORR mechanism, ORR can proceed via two
ways. The path of the ORR mechanism depends on how the
O�O bond cleaves. The first way is called associative path,
which involves both the proton and electron transfer
simultaneously to form OOH species, then followed by the
successive protonation steps to reduce O2. The second path is
known as the dissociative path, which involves the breaking of
the O�O bond after the adsorption of the O2 molecule into
two O atoms on the active site of the catalytic surface. In this
work, we have studied both possible pathways of the ORR
mechanism on the surface of the 2D monolayer Nb-ZrSe2. We
computed the adsorption energy of the reaction intermediates
with the active site Se of 2D Nb-ZrSe2 for both associative and
dissociative reaction pathways. The adsorption energy for the
hydrogenation of O2* into the OOH* species during the
associative reaction was found to be −0.18 eV obtained by the
DFT-D calculation as represented in Figure 4b. The
adsorption energy of the dissociative pathway (i.e., dissociation

of the adsorbed O2* into 2O*) was found to be 1.94 eV, i.e.,
the dissociation energy of O2*. According to computed
adsorption energy, the associative pathway is more energeti-
cally favorable than that of the dissociative pathway. The
adsorption energy for the associative pathway (O2* → OOH*)
indicates that the OOH* species is stably adsorbed on the Se
site of the 2D Nb-ZrSe2. As the adsorption energy of
associative path (−0.18 eV) is close to zero i.e., very small
and negative, therefore, we consider the associative ORR path
would be thermodynamically favorable and feasible. Thus, we
believe that the associative reaction path is energetically more
favorable and efficient for catalyzing O2 molecules. The
associative reaction path is represented as O2* + H+ + e− →
OOH*. The large positive adsorption energy of dissociation of
the O2 molecule to the atomic O indicates that this step is not
stable and would be greatly suppressed by the associative 4e−

mechanism. A positive adsorption energy implies that the
dissociation of O2 is not energetically favorable, which hinders
the progression of subsequent reaction steps. So, the whole
ORR mechanism will proceed as O2* → OOH* → O* + H2O
→ OH* → H2O. The adsorption energy of all ORR
intermediates has been calculated by the same level of theory.
The graphical representation of the adsorption energy of all
intermediate steps is shown in Figure 4a-b. For all the
intermediates states involved in the associative path, the
adsorption energy is negative and optimum, revealing highly
exothermic characteristics and thermodynamically favorable.
We also computed the adsorption energy for all the ORR
intermediates that occur in the dissociative ORR pathway as
represented in Figure 4a.
From the above discussion, we can conclude that the ORR

mechanism on the surface of the 2D monolayer Nb-ZrSe2
material will follow the 4e− associative mechanism. To further
analyze the catalytic activity of the 2D monolayer Nb-ZrSe2
toward ORR, we have computed the values of ΔG for each
intermediate reaction steps. In this work, we have calculated
the values of ΔG by computing the harmonic vibrational
frequency of each intermediate step of ORR mechanism using
the CRYSTAL17 code. We will discuss the ΔG, structural
properties, and electronic properties of each reaction
intermediate step involved in both associative and dissociative
mechanism during the ORR.

Figure 4. Graphical representation of adsorption energy of the various ORR intermediates in (a) dissociative and (b) associative mechanism.
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Reaction Intermediate Steps Involved in Associative
Mechanism

First Step. The first step of the ORR mechanism,
irrespective of the path, is the adsorption of O2 onto the
reaction site of the 2D monolayer Nb-ZrSe2 slab. To model
this step, we placed an O2 molecule on the surface near to the
Nb atom in the 2D Nb-ZrSe2 at a distance 1.60 which is equal
to the equilibrium bond length of the Se−O. The same DFT-D
method has been employed to perform the geometry
optimization of the 2D Nb-ZrSe2 with an O2 molecule
attached to the Se site (represented as O2*_Nb-ZrSe2). The
equilibrium structure of the O2*_Nb-ZrSe2 has been
represented in Figure 5(1a) (top and side view). We analyzed
and calculated the intrinsic electronic characteristics of the
equilibrium structure O2*_Nb-ZrSe2. In order to gain insights
into the electronic properties, we calculated the electronic
band structure and DOSs of the equilibrium structure
O2*_Nb-ZrSe2 as depicted in Figure 5(1b) and 5(1c),
respectively. We plotted a total of eight bands around the
EF, which are sufficient for collecting the electronic behavior of
the O2*_Nb-ZrSe2. We calculated the band structure of the
O2*_Nb-ZrSe2 along the Γ-M-K-Γ high symmetry k-vector
direction with respect to vacuum, which is consistent to the 2D
Nb-ZrSe2 band structure with the band pathway along the

same k-vector direction for comparison. The EF was found at
−4.94 eV as represented by the dotted line in Figure 5(1b-c).
From the band structure calculations, we observed that some
of the electronic bands overlap around the EF. Thus, the band
structure of the O2*_Nb-ZrSe2 predicts the conducting nature
of the O2*_Nb-ZrSe2 system. To confirm the conducting
nature of the O2*_Nb-ZrSe2, we computed and analyzed the
DOSs of the O2*_Nb-ZrSe2. According to the DOSs profile,
there appears to be an ample amount of electron density
surrounding the EF as shown in Figure 5(1c). Therefore, the
intermediate O2*_Nb-ZrSe2 has metallic characteristics. After
optimization, the equilibrium Se−O and O−O bond lengths
were found to be 1.67 Å, and 2.20 Å, respectively. We observed
an increased bond length of the O−O bond as compared to
the free O2 molecule bond length (1.21 Å) by the amount of
0.99 Å after the adsorption onto surface of the Nb-ZrSe2 as
represented in Figure 6. The type of oxygen molecule is crucial
for ORR. Usually, O2 molecules have two bond states, singlet
(1O2, metastable) and triplet (3O2 ground state), where 1O2
has a very short lifespan and has 0.98 eV higher energy than
3O2.

72,73 Therefore, O2 is involved in the oxygen electro-
catalysis in fuel cells and the electrochemical water splitting is
specifically considered to be completely in its triplet ground
state.74 The electron spin alignment facilitates the creation of

Figure 5. Top and side view of equilibrium structure, (b) band structure, and (c) total DOSs of (1) O2*_Nb-ZrSe2, (2) OOH*_Nb-ZrSe2, (3)
O*_Nb-ZrSe2, (4) OH*_Nb-ZrSe2, (5) 2O*_Nb-ZrSe2, and (6) O*_OH*_Nb-ZrSe2.
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spin, a selective channel to promote spin conversion during the
reaction which provides an opportunity to lower the reaction
energy barrier by controlling the spin polarization of the
catalyst.75 The adsorption and activation of the triplet O2
molecule should involve charge transfer from the catalytic site
to the antibonding Π* orbital of O2. Such an orbital
interaction on our system arises from the interaction of the
ligands Se site orbital of the Nb-ZrSe2 and Π* orbital of
adsorbed O2 on the surface of the Nb-ZrSe2. We have
employed the Mulliken charge transfer analysis by including
the “PPAN” and spin polarization calculation by including the
keyword “SPIN” in the calculations. The optimized geometry
of the O2*_Nb-ZrSe2 suggests the charge transfer of 0.64 |e|
from the Se site to the adsorbed O2 molecule. The charge
transfer thus resulted in the elongation of the equilibrium bond
length of the O2 molecule to 2.20 Å as compared to the free
optimized O2 bond length (1.21 Å). Thus, the charge transfer

and bond elongation of the O2 molecule are responsible for the
activation of the O2 molecule on the surface of 2D Nb-ZrSe2.
The increment in the bond length and charge transfer indicates
that the O2 molecule is activated and is available for the next
ORR steps. The value of ΔG during the reaction O2 + * →
O2* was found to be −0.10 eV. The negative value of ΔG
indicates that the reaction is exothermic. Thus, the negative
and small value of ΔG suggests that the adsorption of O2 on
the active site is thermodynamically stable and kinetically
feasible for the ORR mechanism.
Second Step. The next step (in the 4e− transfer associative

reaction mechanism of the subject reaction) is the hydro-
genation of adsorbed activated oxygen molecule around the Se
site near the Nb atom. To model this ORR intermediate, we
have placed one H atom near to the one O atom and the
present DFT-D study has found that the equilibrium O−H
distance is about 0.97 Å from the outer O atom in the

Figure 6. Structural properties of the various ORR intermediate structures.

Table 2. Equilibrium Geometrical Data of the ORR Intermediates Involved on the Associative and Dissociative Mechanism

Average bond length (Å)

Reaction steps
Lattice parameters

(Å)
Interfacial angle

(deg)
Layer group and

symmetry
Electronic band gap

(eV)
Zr−
Se

Nb−
Se Se−O

Se−
OH

Nb-ZrSe2 a = 7.38, b = 7.38 α = β = 90° P1 0 2.67 2.60 - -
γ = 120°

O2*_Nb-ZrSe2 a = 7.37, b = 7.38 α = β = 90° P1 0 2.67 2.58 1.69 -
γ = 120.01°

2O*_Nb-ZrSe2 a = 7.39, b = 7.35 α = β = 90° P1 0 2.66 2.60 1.67 1.67
γ = 120.36°

OOH*_Nb-ZrSe2 a = 7.39, b = 7.40 α = β = 90° P1 0.66 2.66 2.66 2.00 -
γ = 120.20°

O*_OH*_Nb-ZrSe2 a = 7.39, b = 7.43 α = β = 90° P1 1.39 2.68 2.61 1.72 1.77
γ = 120.32°

O*_Nb-ZrSe2 a = 7.37, b = 7.41 α = β = 90° P1 0 2.67 2.60 1.67 -
γ = 120.13°

OH*_Nb-ZrSe2 a = 7.38, b = 7.40 α = β = 90° P1 0.66 2.65 2.61 1.87 -
γ = 120.10°
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O2*_Nb-ZrSe2. Here, we assumed that a H+ coming from the
anode side through a proton exchange membrane and an e−

coming through an external circuit reacts with the adsorbed O2
molecule to form an OOH (noted by OOH*_Nb-ZrSe2). The
full geometry optimization (i.e., atomic coordinates and lattice
parameters) of the so formed system of the OOH*_Nb-ZrSe2
reaction intermediate was performed by employing the same
DFT-D method, and the equilibrium structure of the
OOH*_Nb-ZrSe2 intermediate is shown in Figure 5(2a)
(top and side view). We computed and examined the
electronic properties of the OOH*_Nb-ZrSe2 using the same
DFT-D method. The EF was found at −5.42 eV as shown by
the dotted line in Figure 5(2b−c). The band structures of the
OOH*_Nb-ZrSe2 depict the semiconducting nature of the
OOH*_Nb-ZrSe2 reaction intermediate with an indirect band
gap of 0.66 eV. The conduction band minima and the valence
band maxima of the OOH*_Nb-ZrSe2 are located as Γ- and
M- points, respectively. The DOSs corresponding to the band
structures of the OOH*_Nb-ZrSe2 were also calculated and
plotted by using the same DFT-D method as shown in Figure
5(2c). The DOSs plot is very consistent with the band
structures, and this computation supports the band gap of the
OOH*_Nb-ZrSe2 intermediate. The value of ΔG during the
reaction O2* + H+ + e− → OOH* was found to be 0.13 eV.
This positive value of the ΔG indicates the endothermic nature
of the reaction. The value of ΔG is close to zero, which
suggests a thermodynamically favorable process and proceeds
for the further reaction steps.
Third Step. The next step of 4e− associative mechanism is

the reduction of OOH* into O* through the process of
hydrogenation of the reaction intermediate OOH*_Nb-ZrSe2.
We assume that a proton (H+) coming from the anode side
through proton exchange membrane and simultaneously,
electron (e−) flow through an external circuit, reacts with
OOH* to form O* intermediate species. We have modeled
this intermediate state by placing an oxygen atom at a distance
1.62 Å from the Se site which is close to equilibrium bond
length of Se−O. The full optimization (lattice parameters and
atomic coordinates) of the reaction intermediate O*_Nb-
ZrSe2 was performed and the equilibrium 2D layer structure
(top and side view) of the O*_Nb-ZrSe2 is represented in
Figure 5(3a). Figure 5(3b-c) represents the electronic band
structure and DOSs profile of the O*_Nb-ZrSe2 computed by
the DFT-D method. The EF of the O*_Nb-ZrSe2 system was
found at −6.57 eV as shown by the dotted line in Figure 5(3b-
c). From the band structure calculations of the O*_Nb-ZrSe2
intermediate, it has been found that some of the energy bands
cross the EF, which indicates the metallic nature of the
O*_Nb-ZrSe2. The DOSs calculations of the O*_Nb-ZrSe2
show that there is electron density around the EF as shown in
Figure 5(3c). So, both the band structure and the DOSs profile
show the metallic nature of the O*_Nb-ZrSe2, which supports
the transportation of electrons involved in this reaction step.
The value of ΔG in this reaction step (OOH* → O*) was
found to be −1.82 eV. The negative value of ΔG reveals a
highly exothermic character of this reaction. This intermediate
reaction step is thermodynamically stable and energetically
favorable for ORR mechanism.
Fourth Step. The next step of 4e− associative mechanism is

the hydrogenation of the O*_Nb-ZrSe2 intermediate by
reacting with H+ and e− coming from the anode side of the
fuel cell. We assume that O* at the Se site captures one H+ and
e− to form OH* species. To model this intermediate state, we

put an H atom at a distance 0.90 Å from the O atom, which is
equilibrium bond distance of a free O−H molecule. The
reaction intermediate OH*_Nb-ZrSe2 was then optimized and
the equilibrium structure of the OH*_Nb-ZrSe2 intermediate
is illustrated in Figure 5(4a). To examine the electronic
behavior, we studied the electronic properties of the OH*_Nb-
ZrSe2 intermediate. The EF of the OH*_Nb-ZrSe2 was found
at −5.30 eV as depicted by the dotted line in Figure 5(4b-c).
From the band structure calculations, we can see that the
OH*_Nb-ZrSe2 displays semiconducting nature with the
indirect band gap of 0.66 eV as shown in Figure 5(4b). The
conduction band minima and the valence band maxima of the
OH*_Nb-ZrSe2 are located at Γ and M, respectively, like the
previous intermediate step. To confirm this band gap, we
drawn the DOSs profile corresponding to the band structure
calculations, and the DOSs profile well supports the band gap
of the OH*_Nb-ZrSe2 as shown in Figure 5(4c). The value of
ΔG for this reaction step (O* → OH*) was found to be −1.23
eV computed by the same DFT-D method. The negative value
of ΔG indicates that this step is exothermic, and hence, this
process is thermodynamically and energetically favorable for
the reduction of O2.
Fifth Step. This is the last step of the ORR mechanism.

This step of the 4e− associative mechanism is the hydro-
genation of the OH*_Nb-ZrSe2 intermediate by reacting with
H+ and e− coming from the anode side of the fuel cell. We
assume that the OH* at the Se site captures one H+ and e− to
form the second H2O molecule and it is removed from the
catalytic site. The value of the ΔG of this reaction step (OH*
→ H2O + *) was found to be −1.76 eV computed by the same
DFT-D method. The negative value of ΔG indicates that this
ORR step is exothermic, and hence, this process is
thermodynamically and energetically favorable for the
reduction of O2. The value of ΔG of each reaction
intermediate during the associative mechanism has been
reported in Table 3, and similarly, the value of ΔG of each

reaction intermediate during the dissociative mechanism has
been reported in Table 4. The geometrical data of each of the
intermediate structures after the optimization has been

Table 3. Change in Gibbs Free Energy (eV) of the Reaction
Steps during the Associative Mechanism at the Surface of
the 2D Monolayer Nb-ZrSe2 Material

Various reaction steps involved in associative mechanism ΔG (eV)

[Nb-ZrSe2 + O2 → O2*_Nb-ZrSe2] −0.28
[O2*_Nb-ZrSe2 + H+ + e− → OOH*_Nb-ZrSe2] 0.13
[OOH*_Nb-ZrSe2 + H+ + e− → O*_Nb-ZrSe2 + H2O] −1.82
[O*_Nb-ZrSe2 + H+ + e− → OH*_Nb-ZrSe2] −1.23
[OH*_Nb-ZrSe2 + H+ + e− → Nb-ZrSe2 + H2O] −1.76

Table 4. Change in Gibbs Free Energy of Reaction Steps in
the Dissociative Mechanism at the Surface of the 2D
Monolayer Nb-ZrSe2 Material

Various reaction steps involved in dissociative mechanism ΔG (eV)

[Nb-ZrSe2 + O2 → O2*_Nb-ZrSe2] −0.28
[O2*_Nb-ZrSe2 → 2O*_Nb-ZrSe2] 1.99
[2O*_Nb-ZrSe2 + H+ + e− → O*_OH*_Nb-ZrSe2] −2.26
[O*_OH*_Nb-ZrSe2 + H+ + e− → O*_Nb-ZrSe2 + H2O] −1.40
[O*_Nb-ZrSe2 + H++e− → OH*_Nb-ZrSe2] −1.23
[OH*_Nb-ZrSe2 + H+ + e− → Nb-ZrSe2 + H2O] −1.76
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summarized in Table 2 and represented in Figure 6 (for both
associative and dissociative mechanism). A detailed explan-
ation of the dissociative path of the ORR mechanism on the
surface of the Nb-ZrSe2 can be found in SI.
To summarize the catalytic activity of the 2D Nb-ZrSe2

toward ORR, we plotted and analyzed the ΔG curve (potential
energy curve) for both associative and dissociative mechanism
based on the DFT-D calculations as shown in Figures 7 and 8.
We constructed these diagrams by considering the 2D Nb-
ZrSe2 as a reference geometry, i.e., 2D Nb-ZrSe2 considered
corresponding to energy of 0 eV for both associative and
dissociative mechanism of ORR. At a standard condition (i.e.,
at a temperature of 298.15 K with pressure 1 atm) the total
value of ΔG for full reaction O2 + 2H2 → 2H2O should be
−4.92 eV. From our Gibbs energy landscape, the total value of
ΔG was found to be −4.94 eV and −4.96 eV for dissociative
and associative mechanism, respectively. So, from our DFT-D
calculations we can see that total value of ΔG for the ORR
mechanism is very consistent with the experimental value. In
dissociative path, the free energy landscape shows that all the
reaction steps are downhill except O2* → 2O* as shown in
Figure 7. For the associative path, all of the reaction steps are
also downhill in the free energy landscape except for the
reaction steps for O2* → OOH* as shown in Figure 8. But by
comparing both the free energy landscape, the O2* → 2O*
step of the dissociative mechanism has higher uphill than that
of the associative mechanism. Thus, the 2O* step is not stable
and thermodynamically feasible for ORR mechanism, which
makes the further ORR steps through dissociative path

difficult. Whereas the uphill in associative mechanism is very
small which is kinetically surmountable. Furthermore, all values
of ΔG are negative, indicating that the entire ORR process
through associative mechanism is exothermic and thermody-
namically favorable. Therefore, the associative 4e− pathway for
the ORR on the surface of 2D Nb-ZrSe2 is the most favorable
path.
The potential energy surface for both the associative and

dissociative paths has been discussed for the sake of a quick
comparison of results in both mechanisms. The total values of
ΔG for two reaction pathways (4.94 eV for the dissociative
ORR mechanism and 4.96 eV for the associative mechanism)
are marginally different (only 0.02 eV), which lies in the DFT-
D error bar. This slight difference in the total value of ΔG for
two reaction pathways might come from the different reaction
energies (i.e., the different interaction strengths) of different
intermediate species occurring on both the associative and
dissociative mechanisms. The specific bond-breaking and
bond-formation steps in a different pathway may possess
distinct reaction energies due to variations in the bond
strength, atomic interactions, and stabilities of intermediates,
ultimately affecting the calculated total ΔG values. In our
calculations, the reaction energies of O2* → 2O* and O2* +
H+ + e− → OOH* were found to be 1.94 eV and −0.18 eV,
respectively. Another factor is the change in the entropy during
each process that contributes to the overall value of ΔG.
Different changes in entropy arise from different reaction
mechanisms and different translational and variational degrees
of freedom of intermediate species (2O* and OOH*). In the

Figure 7. Free energy diagram of the dissociative ORR mechanism at the surface of the 2D monolayer Nb-ZrSe2 material.
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context of electrocatalytic reactions, the concept of entropy
helps us to understand how the arrangement of molecules and
their energy distribution change as a reaction proceeds. When
molecules transition from reactants to products, their spatial
arrangement and energy distribution can change, leading to
differences in entropy. Besides these factors, the rate of
electron transfer differs between reaction pathways due to
variations in the redox potential of intermediates and the effect
on the total ΔG values. Thus, the reaction energies, electron
transfer rate, and entropy contribution of different reaction
intermediates may cause minor differences in the values of ΔG
during both associative and dissociative reaction mechanisms.
The difference in ΔG is only about 0.02 eV which is negligible
and lies in the DFT-D error bar.
In the case of the 2D monolayer Nb-ZrSe2, the value of η

has been determined to be 1.09 V for the associative reaction
path of the ORR. The overpotential of the benchmark Pt
(111) was calculated to be 0.45 V at the same level of theory.9

This discrepancy indicates that the 2D monolayer Nb-ZrSe2
requires a higher driving potential to achieve the desired ORR
rate compared to Pt. This observation suggests that the 2D
monolayer Nb-ZrSe2 might not be as efficient as Pt (111) as a
cathode material for ORR; however, this material can be used
as a Pt-free electrocatalyst where the performance is
remarkable. To provide a comprehensive comparison, we
considered some of the 2D surfaces such as 2D transition-
metal-based, organic framework-based materials, and Pt-doped
transition metal dichalcogenides. Recently, S. N. Upadhyay

and S. Pakhira reported that the Pt doped MoSe2 (Pt-MoSe2)
2D transition metal dichalcogenides is an efficient electro-
catalyst for ORR by employing the same level of theory. They
computationally showed that the 2D transition metal
dichalcogenides possess the value of η about 1.53 V, which
is higher than that of the overpotential of 2D single layer Nb-
ZrSe2 material.27 Zhau et al. studied the efficiency of double
carbon vacancy C3N monolayer with embedded a range of
transition metals denoted by TM-Vcc (TM = Mn, Fe, Co, Cu,
Ru, Rh, Pd, and Pt) toward ORR.76 The overpotential of the
Nb-ZrSe2 is quite near most of the TM-Vcc catalysts.
Furthermore, Ji et al. counted the first principle calculations
to investigate the catalytic performance of the 2D M-COFs (M
= Sc, Zn, Ru, Pd, Ag, and Ir).77 According to their findings,
most of the M-COFs represent an overpotential comparable to
that of the 2D monolayer Nb-ZrSe2. The overpotential of the
2D monolayer Nb-ZrSe2 is comparable to various previously
reported 2D materials overpotential studied using the DFT
method for ORR catalyst.78,79

While the lower value of overpotential comparable to that of
the Pt catalyst suggests an enhanced catalytic activity, it is
important to consider other factors to evaluate catalytic
efficacy. As 2D monolayer Nb-ZrSe2 possesses a conducting
nature, it facilitates the charge transfer and the ORR happens
on the surface of the Nb-ZrSe2; hence, it provides more
exposure to the active catalytic sites, providing more
opportunities for the ORR to take place. The availability and
sustainability of the constituent elements, Nb, Zr, and Se, and

Figure 8. Free energy diagram of the associative ORR mechanism at the surface of the 2D monolayer Nb-ZrSe2 material.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00035
ACS Phys. Chem Au 2024, 4, 40−56

52

https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00035?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00035?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00035?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00035?fig=fig8&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the cost-effectiveness of the Nb-ZrSe2 in comparison to
precious metals like Pt present ecological and economically
viable alternatives for large-scale applications. Our finding
shows that the 2D monolayer Nb-ZrSe2 exhibits good
selectivity for the favorable reaction path and moderate
adsorption energy of the ORR intermediates on the catalytic
surface. The unique structural and electronic properties,
stability, cost-effectiveness, and path selectivity of the 2D
monolayer Nb-ZrSe2 for ORR collectively positioned it as a
promising catalyst for ORR, despite a slightly higher
overpotential.
The study of the ORR is a solid surface reaction, and it

happens on the outer surface of the 2D layer of the Nb-ZrSe2
TMD. The examination of solvent impact holds significant
relevance within the realm of catalysis. Additionally, gaining
insights into the reaction mechanisms occurring on the solvent
phase for various electrochemical reactions presents an equally
interesting and important area of research study. Achieving a
precise representation of the solvent model stands as a
significant challenge within the realm of computational
catalysis. Furthermore, the computational expense associated
with modeling the various reaction steps (in the solvent phase)
exacerbates this challenge.80,81 When considering a solvent
environment, it becomes apparent that the solvent possesses
the capability to interact with the adsorbates and the catalytic
surface through either chemical or physical processes. Notably,
the solvent molecules can interact with adsorbates by hydrogen
bonding. The effects of the solvent phase are very challenging
owing to the difficulties in accurately defining complex systems
that may involve simultaneous solvent−solvent, adsorbate-
solvent, adsorbent-solvent, and adsorbate-catalytic surface
interactions. The primary focus revolves around precisely
defining the interaction potential and the exchange-correlation
functionals involved in the solvent phase. Introducing the
solvent phase introduces complexity, often resulting in
expansive systems characterized by numerous feasible
thermodynamic and geometrical arrangements. Consequently,
the task of identifying a relevant configuration becomes equally
challenging. In addition to this, the solvent phase is the main
component of the reaction medium. Consequently, its physical
attributes such as polarity, viscosity, and propensity to interact
with adsorbates play a transformative role in influencing
reaction kinetics through their impact on both mass and heat
transfer phenomena. Thus, the task of precisely understanding
how the inherent properties of the solvent influence the
reaction dynamics is far from straightforward. Owing to these
complications, the solvent phase is neglected by the researchers
in DFT calculations, instead approximating it using vacuum or
gas-phase conditions, and moreover, we took the relative
energy changes during the reactions where the solvation effects
are negligible.82 Because of computational limitations, we did
not include calculations for the solvent phase in this study as
the relative values of ΔG have been considered in the present
investigation, and such big calculations should be left for future
study.

■ CONCLUSIONS
In conclusion, we theoretically shed light on the geometrical
structure, electronic properties, and catalytic activity of the 2D
monolayer Nb-ZrSe2 material as well as the detailed ORR
mechanism on the surface of the 2D Nb-ZrSe2 by using the
DFT-D method. We investigated and examined both the
possible path, i.e., associative and dissociative path, of the ORR

mechanism on the surface of the 2D Nb-ZrSe2. The analysis of
the electronic properties of pure monolayer ZrSe2 demon-
strated that a single layer of ZrSe2 in a two-dimensional form
exhibits semiconductor behavior, characterized by a band gap
of 1.48 eV. To alter the electronic properties and catalytic
activity of the ZrSe2, the substitutional doping of Nb has been
done per 2 × 2 supercell of the ZrSe2 monolayer. The 2D
monolayer Nb-ZrSe2 material has a zero band gap, indicating
the metallic nature of the 2D Nb-ZrSe2. Conductivity of the
2D monolayer Nb-ZrSe2 material plays a crucial role in
facilitating the movement of electrons in the mechanism of
ORR and 2D Nb-ZrSe2 could act as an excellent catalyst
toward ORR. To analyze the whole reaction process, ORR
intermediate structures involved in the associative and
dissociative path were constructed and optimized by using
the same DFT-D method. To examine the catalytic activity, we
computed the adsorption energy of ORR intermediates
involved in both associative and dissociative mechanism. The
dissociative mechanism involves the following intermediates
O2* → 2O* → O*_OH* → O* + H2O → OH* and
associative mechanism has the following intermediates O2* →
OOH* → O* + H2O → OH*. For the dissociative
mechanism, the value of ΔE of 2O* intermediate was found
to be 1.99 eV to the catalytic site on the surface of the 2D Nb-
ZrSe2, which indicates poor binding of 2O*. For the
associative mechanism, the value of ΔE of the OOH*
intermediate was found to be −0.18 eV, which indicates the
optimum binding of the OOH* to the catalytic site on the
surface of the 2D Nb-ZrSe2. Thus, the dissociative path would
be a less favorable path to reduce the O2 molecule to water as
compared to that of the associative path. In addition, for
associative mechanism the value of ΔE for all intermediates is
negative. The negative value of ΔE indicates that all the
intermediates have good binding with Se site, thus energeti-
cally favorable path. The value of ΔG for all the reaction
intermediates has also been computed. The values of ΔG also
suggests that the associative path would be preferred over the
dissociative mechanism. Thus, 2D Nb-ZrSe2 can be used as an
excellent catalyst for the ORR mechanism.
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