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1. Introduction

Electrochemical double-layer capacitors (EDLCs) are a type of
supercapacitor (mostly carbon based) with superior power den-
sity and long cycle life due to fast physical surface processes.

However, they have low energy density
when compared to batteries.[1] In most
applications, the capacity of EDLCs is
generally too small and its performance
is hindered partly because of reduced effec-
tive surface area and/or limited electrolyte
access to the electrode materials.[2–5] When
using aqueous electrolytes, these capacitors
only store a small fraction of electrons
(around 0.17–0.2 atom�1. Compared with
1–3 localized electrons per atom in battery
materials).[6] Since electrode materials are
active materials in supercapacitors, screen-
ing suitable materials for supercapacitor
applications is crucial for achieving
enhanced capacity.

Graphene has been significantly stud-
ied both experimentally and theoretically
ever since its discovery in 2004 due to
the uniqueness of its electronic, chemical,
and physical properties.[7–9] By isolating a
single layer of graphite, graphene, a 2D
honeycomb lattice of carbon atoms, can
be synthesized. The material has wide
technological utility with potential applica-

tion in electrochemical storage devices, where it can be used
as anode material of rechargeable lithium batteries or as super-
capacitor electrodes.[10–13] Theoretically, the high surface area
(2630 m2 g�1) of graphene should attain a gravimetric capaci-
tance of ≈550 Fg�1, making it an ideal active material for
EDLCs.[14]

In practical implementation of low-dimensional carbon-based
materials like nanostructured activated carbon and graphene,
studies report that the total capacitance (CT) of such supercapa-
citors involves contributions arising from the electrode/
electrolyte interface (CEE)—which could be double-layer capaci-
tance and/or pseudocapacitance—and an inherent capacitance
of the electrode (quantum capacitance CQ).

[15–17] Performance
of graphene supercapacitors at small potentials, for instance,
is reported to be limited by the material’s low CQ.

[18,19] However,
enhancement of capacitance observed for nitrogen-doped gra-
phene electrodes was attributed to the improvement of quantum
capacitance (CQ) and the introduction of pseudocapacitive active
sites (this is particularly true when aqueous electrolytes are used
because pseudocapacitance is present as a result of the reversible
protonation of these active sites).[20,21]
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Herein, spin-polarized calculation is performed based on density-functional
theory in the frame of generalized gradient approximation to examine the
quantum capacitance (CQ) and surface charge storage of graphene(G)-based
supercapacitor electrodes modified with molybdenum, sulfur, nitrogen, and
monovacancy. In total, 15 electrode models, including graphitic doping,
monovacancy doping, and Mo adsorption on pristine and single-vacancy gra-
phene structures are analyzed. In the results, it is demonstrated that vacancy
defects and N/S/Mo doping enhances the CQ of graphene. Among all config-
urations, pyrrolic-S (d1S) shows the lowest CQ performance due to few states at
the Fermi level. Electrodes with Mo adsorption exhibit the highest CQ, particularly
when Mo is adsorbed at the top site of graphene. However, formation and
adsorption energy calculations suggest that Mo is more likely to adsorb at hollow
sites. Optimally, Mo can be most effectively utilized by loading it onto vacancy or
N/S-decorated vacancy sites. The significant contribution of Mo’s 4dz2 and 4s
states to CQ, along with the charge-redistribution around the Mo complexes, may
facilitate proton-coupled electron transfer to enhance pseudocapacitance. In
these findings, valuable insights into designing high quantum capacitance of
2D materials with electroactive sites for improved energy storage are offered.
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The CQ of a material is related to its density of states (DOS).
Experiments have been undertaken to map the electronic DOS
of 2Dmaterials directly through quantum capacitance measure-
ment.[22] It is therefore possible for the intrinsic capacitance
(CQ) of a material to be modified by defects, strains, functional
groups, dopant atoms, or adsorbates—either intentionally by
chemical treatment or through the process of synthesis.
Many reports have shown that doping or functionalizing gra-
phene is an effective way to enhance its performance in
supercapacitors.[23–25]

First-principle calculations in the framework of density func-
tional theory (DFT) are carried out in this study to investigate the
impact of molybdenum-induced modifications on the electronic
structure and quantum capacitance of graphene electrodes, draw-
ing inspiration from structural motifs observed in molybdenum
cofactor in nitrogenase.[26,27] The complexes observed in nitroge-
nase enzymes, studied for electrocatalytic nitrogen reduction
(NRR),[26,27] include molybdenum atoms surrounded by sulfur
(S) or nitrogen (N) atoms. Thus, a range of modifications are sys-
tematically explored in this article involving molybdenum (Mo),
sulfur (S), nitrogen (N), and single vacancy. This systematic
approach has experimental significance: after synthesis, the
Mo, N, or S codoped graphene is likely to have a complex struc-
ture with various defects and dopant configurations present as
shown in ref. [28]. These defects and configurations may include
vacancy defects, Mo atoms adsorbed on various sites of the gra-
phene surface, and substitution of carbon atoms by dopant atoms
(including configurations like graphitic N/S and pyridinic N/S).
The study aims to enhance the performance of supercapacitors
through the design of high CQ graphene electrode materials
with active sites for surface redox processes. On the basis of
formation energy calculation, the stability of the electrode
models is also discussed. The work is summarized as follows:
1) Introduction, 2) Computational methodologies, 3) Results
and discussion, and 4) Conclusion.

2. Computational Methodology

The surface charge, Q, of the uncharged graphene electrode is
given by the following equation

Q ¼ e
Z þ∞

�∞
DOSðEÞf ðEÞdE (1)

Assuming that the electronic structure (DOS) of the electrode
is not altered by the charging process (ϕ)—that is, the fixed-band
approximation[29]—the excess surface charge density, QSCD after
applying potential, ϕ becomes

QSCD ¼ e
Z þ∞

�∞
DOSðEÞ½f ðEÞ � f ðE þ eϕÞ�dE (2)

where e is the elementary charge, E is the energy, ϕ is the applied
voltage on the electrode, and f ðEÞ is the Fermi–Dirac distribution
function. Quantum capacitance (CQ) is obtained as the variation
of the excess surface charge density (QSCD) with respect to the
applied potential (ϕ)

CQ ¼ dQSCD

dϕ
¼ e2

4kT

Z þ∞

�∞
DOSðEÞsech2 E þ eϕ

2kT

� �
dE (3)

Using an electronic structure method to obtain DOS, CQ can
be obtained. Several studies have successfully employed
Hohenberg and Kohn formulation[30,31] for the computation of
CQ of graphene. While more realistic outcomes can be obtained
with a framework that includes electronic structure changes, it
will suffice for this research because it is shown to be valid
for monolayer graphene and also useful, as a first approximation,
in providing quick estimations.[32] We performed spin polarized
DFT calculations within the generalized gradient approxima-
tion using Perdew–Burke–Ernzerhof (GGA–PBE) functional
as implemented in Quantum ESPRESSO[33] to describe the
many-body electron–electron effects. The nuclear and core inter-
actions were described using ultrasoft pseudopotential schema
based on Kresse–Joubert projector-augmented wave (PAW)[34,35]

method, which considerably reduces the number of plane
waves. The wavefunction of valence electron density was
expanded in plan waves and Kohn–Sham orbitals solved using
the Davidson iterative diagonalization procedure in the frame-
work of pseudopotential approximation. The charge density
update was performed using the modified Broyden descrip-
tion[36] and determined the kinetic energy cutoff to 100 Ry follow-
ing a test to assure the accuracy of calculations. The Brillouin
zone was sampled at mesh k-point mesh of 16� 16� 1 using
theMonkhorst Pack grid of the supercell. Structural optimization
was carried out on all the structures using the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) algorithm[37] until all atoms were fully
relaxed with Hellman–Feynman forces less than 10�3 (a.u) on
each atom. The Marzari–Vanderbilt smearing approach[38] was
used with a smearing energy of 0.01 Ry for all calculations.
The kinetic energy cutoff for all calculations did not exceed
100 Ry and vacuum slab thickness of about 30 Å. A 3� 3� 1
supercell with a lattice constant of 7.386 Å after testing was used
for all structural models.

3. Results and Discussion

3.1. Pristine Graphene with One Atom Substituted
with Mo, S, and N

The optimized structures for pristine, N-, S-, and Mo-doped gra-
phene are shown in Figure 1a–d, with the corresponding calcu-
lated parameters in Table 1. The quantum capacitance (CQ) and
excess surface charge density (QSCD) of pristine graphene, as well
as N-doped (NG), S-doped (SG), and Mo-doped (MoG) graphene,
are depicted in Figure 2A(a–c). In line with the fixed band approx-
imation, the CQ behavior directly follows from the DOS at the
Fermi level. Consequently, pristine graphene shows a symmetric
U-shaped CQ profile, with a minimum value of 1.04 μF cm�2 at
0.00 V, close to the theoretical result of 1.10 μF cm�2 reported by
Yang et al.[20] In contrast, the CQ of all doped systems fluctuates
and exhibits asymmetric behavior. The N-doped graphene sys-
tem has a camel-like shape, peaking at �0.16 V with a maximum
CQ of 77.64 μF cm�2. The S-doped graphene reaches its maxi-
mum CQ at 0.06 V, with a value of 87.14 μF cm�2. For both
SG and NG, the QSCD under positive charging is lower than that
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under negative charging, indicating a greater accumulation of
excess charge at the negative electrode.

N and S dopants introduce states at the Fermi level, leading to
an increase in CQ due to the higher density of electronic states.
The DOS of NG and SG resembles that of pristine graphene,
with the Fermi level moved up by ≈1.00 eV (Figure 3). The

additional valence electrons from N and S atoms contribute to
a higher electron density, shifting the Fermi level upward as elec-
trons are donated to the π* band. This increased electron density
at the Fermi level enhances CQ. The lower surface charge on SG
and NG cathode is attributed to the low density and delocalized
nature of π electrons below the Fermi level. The symmetry of the

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Figure 1. Geometric structure of pristine and modified graphene. a) Reference 3� 3 graphene supercell. b) N-doped, NG; c) S-doped, SG; and
d) Mo-doped graphene, MoG. e) Single vacancy, d1; f ) single N atom at vacancy site, d1N; g) single S at vacancy site, d1S; h) single Mo at vacancy
site, d1Mo. i,j) Three N/S atoms substituting the unsaturated carbon atoms d1N3/d1S3. k) Mo anchored on single vacancy, Mo*d1. l,m) Mo anchored on
N/S decorated monovacancy, Mo*d1N3/Mo*d1S3. n) Mo adsorbed on top site of graphene, Mo(T). o) adsorbed on hollow site of graphene, Mo(H).
Brown, carbon (C); blue, nitrogen (N); yellow, sulfur (S); purple, molybdenum (Mo).

Table 1. Bond lengths (d1, d2, and d3), height of Mo above the graphene plane (h), the maximum quantum capacitance (CQmax), total magnetic moment
of systems (Mtot), and Löwdin charge (QL) of dopant atom.

Systems d1 [Å] d2 [Å] d3 [Å] h [Å] CQmax [μF cm�2] Mtot [μB] QL [∈] Space group

Pristine 1.424 1.424 1.424 – 17.33 0.00 – D6h

NG 1.413 1.413 1.413 – 77.64 0.00 0.0099 D3h

SG 1.661 1.661 1.661 – 87.14 0.08 �0.9779 D3h

MoG 1.804 1.804 1.804 – 126.81 1.96 �0.7674 C3v

d1 – – – – 83.19 1.05 – C2v

d1N 1.313 1.313 – – 98.60 0.00 0.2250 Cs

d1Sa) 1.880 1.880 – – 23.31 0.00 �0.7792 Cs

d1Moa) 1.992 2.067 – – 110.07 2.37 �1.0847 Cs

d1N3 1.343 1.343 – – 98.84 0.80 0.1646 D3h

d1S3 1.698 1.698 – – 70.93 0.00 �0.4732 D3h

Mo*d1 1.926 1.926 – 1.4519 136.98 2.00 �0.6539 C3v

Mo*d1N3 1.907 1.907 1.907 1.4479 127.12 1.06 �0.7084 C3v

Mo*d1S3 2.351 2.351 2.351 0.4136 174.64 0.00 �0.5513 C3v

Mo(T) 2.251 2.251 2.251 2.059 122.62 3.98 �0.5469 C3v

Mo(H) 2.203 2.202 2.202 1.665 206.16 0.00 �0.4783 C6v

a)There are four bonds which exhibit symmetry. As a result, the bond lengths can be grouped into two pairs, with each pair having identical bond lengths.
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up and down spin DOS indicates that NG is nonmagnetic; how-
ever, Table 1 reveals a small magnetic moment of 0.08 μB for the
SG electrode.

Molybdenum doping (MoG) has the highest CQ at 0.24 V
(126.81 μF cm�2), resulting in increased charge accumulation on
the positive electrode (Figure 2A(c)). The enhancement is linked to
new states introduced in the valence band near the Fermi level,
resulting from the hybridization between the Mo atom and the
p-states of graphene. The up-spin and down-spin DOS are asym-
metrical, indicating the material is magnetic, with a magnetic
moment of 1.96 μB. Mo doping enhances graphene’s quantum
capacitance more effectively than N or S doping.

The CQ and QSCD of these doped systems show significant
enhancements, particularly at voltages below 0.60 V. This voltage
range coincides with the potential window of aqueous electro-
lytes (�0.6 to 0.6 V) and is crucial for the performance of super-
capacitors. In this region, the increased capacitance means that
the overall capacitance of the graphene supercapacitor will no
longer be dominated by the low CQ of pristine graphene. This
change translates to improved energy and power densities, which
are essential for efficient energy storage applications. Overall,
the asymmetrical quantum capacitance profiles of N-, S-, and
Mo-doped graphene make them promising active cathode or
anode materials for asymmetric supercapacitors, due to their
higher CQ compared to pristine graphene at positive or negative
voltages.

3.2. Single Vacancy-Defect Graphene with N, S, and Mo Doping

The most common defect occurring during the synthesis of
graphene is a vacancy. Atoms can be substitutionally doped at

carbon sites of the vacancy region. Therefore, the CQ of the dop-
ant atoms within vacancy-defect graphene is investigated here.
The single vacancy-defect graphene, labeled as d1, is depicted
in Figure 1e. Substitutional doping with nitrogen (N), sulfur (S),
and molybdenum (Mo) into vacancy-defect graphene results in
structures denoted as d1N, d1S, and d1Mo, respectively, which
are shown in Figure 1f–h. Table 1 shows the calculated param-
eters. Five member rings are observed in Figure 1f–h: d1N is a
pyridinc-N structure with a carbon pentagon ring formed due to
bonding between the two carbon atoms of the vacancy. d1S and
d1Mo are pyrrolic-S/Mo and have no unbonded atoms.

Unlike pristine graphene, which exhibits a symmetric
U shape CQ, single vacancy (d1) shows an asymmetric and well-
enhanced CQ, reaching 67.83 μF cm�2 at 0.00 V. The highest CQ

(83.18 μF cm�2) occurs at�0.45 V. Although the quantum capac-
itance is lower above 0.60 V compared to ideal graphene electro-
des, the surface charge is significantly higher than in pristine
graphene. The increased CQ within �0.6 V suggests that vacancy
defects can enhance charge storage performance in graphene
electrodes by improving the inherent capacitance contribution
to total capacitance. The differing CQ behavior between the posi-
tive and negative voltage regions also makes it a promising can-
didate for asymmetric supercapacitor electrodes.

From the DOS shown in Figure 3e, the capacitance enhance-
ment in d1 arises from semilocalized states associated with the
unbonded carbon atoms. These states originate from interactions
between the sp2 and pz orbitals of the three carbon atoms sur-
rounding the vacancy, consistent with findings in ref. [20].
The d1 structure has a magnetic moment of 1.05 μB.

Upon introducing the N/S dopant (d1N/d1S systems), CQ and
the electrode excess surface charge density for both N and S

A B

(a) (a)

(b) (c) (c)(b)

Figure 2. a) Quantum capacitance and b,c) excess surface charge density plots of pristine A) NG, SG, and MoG and B) d1, d1N, d1S, and d1Mo. The
yellow region is the voltage range within which aqueous systems remain stable.
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systems are lower at the anode compared to the vacancy defect
electrode. Nitrogen doping results in reduced performance at
higher negative voltages (beyond �0.60 V) but significantly
improves capacitance at the positive electrode, peaking at
98.56 μF cm�2 at 0.96 V. The d1N electrode will be a better can-
didate as cathode material for asymmetric supercapacitors. DOS
of d1N, shown in Figure 3, resembles pristine graphene, with the
Ef shifted (by 0.97 eV) into the valence band because of electron
deficiency. Unpaired sp2 orbital of pyridin-N contributes states in
the valence band. The two adjacent C atoms of the vacancy bond
together and only contribute their pz electrons to states few eV
below the Ef. These states account for the better CQ performance
at the cathode.

S-doped vacancy defect exhibits a symmetric U-shaped CQ,
similar to pristine graphene (Figure 2B(a)), with a CQ value of
2.06 μF cm�2 (0.00 V), compared to 1.04 μF cm�2 (0.00 V) for
pristine. The reason, unlike d1 and d1N, may be attributed to
the absence of localized states associated with the unbonded
C atoms near the Ef, as reflected in the optimized structure.
The LDOS shows S contributes states that are far away from
the Fermi level, suggesting that the realigned sp2 and pz orbitals
mainly form in-plane bonds which partake in the structural prop-
erty rather than the electronic property of the material. CQ of d1S
is small and would limit the total capacitance.

For d1Mo, the maximum CQ is 110.07 μF cm�2 at 0.60 V.
It also exhibits high excess surface charge density at both
anode and cathode, with the values of �54.90 μC cm�2 and
60.76 μC cm�2. LDOS (Figure 3h) reveals that the high CQ is
mainly due to localized states from the molybdenum atom
and p-orbitals of carbon. This finding suggests that d1Mo can
serve as a promising cathode or anode material for asymmetric
supercapacitors. d1Mo is spin polarized with a magnetic
moment of 2.37 μB.

3.3. Single Vacancy (d1) with Mo Adsorbed over the Vacancy
Site, Single Vacancy with N3 and S3

Next, we examine the substitution of three nitrogen/sulfur
(d1N3/d1S3) atoms at the vacancy site and explore molybdenum
adsorption on single vacancy graphene (Mo*d1). Optimized
structures are shown in Figure 1i–k.

From Figure 4C, maximum capacitance values are
98.84 μF cm�2 (0.41 V) for d1N3, 70.92 μF cm�2 (�0.28 V) for
d1S3, and 136.98 μF cm�2 (�0.76 V) for Mo*d1. Although d1N3
accumulates the most excess charge at the positive electrode,
Mo*d1 exhibits the highest CQ in general. The d1N3 anode
capacitance is very low above �0.20 V because of the low-density
delocalized π states of the conduction band. Similar to d1, the sp2
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Figure 3. Density of states (DOS) of a) pristine, b) NG, c) SG, d) MoG, e) d1, f ) d1N, g) d1S, and h) d1Mo.
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and pz of the three adjacent nitrogen atoms couple to form local-
ized defect states at the Fermi level. These local states cause spin
polarization and also lead to the enhancement of CQ at the posi-
tive electrode.

The similar CQ behavior between the positive and negative
voltage regions in d1S3 resulted in an almost symmetric CQ

enhancement within a window of ≈0.9 V (�0.45 to 0.45 V), sug-
gesting its potential for symmetric electrodes. But capacitance
drops outside this range, with zero capacitance between �0.8
and �0.6 V (regions of zero capacitance are also present at the
anode for d1N3 and Mo*d1)—this is a result of band gap in
the conduction band. The DOS (Figure 5) resembles pristine gra-
phene with the Fermi level shifted 0.83 eV into the conduction
band because extra electrons are injected into the π* band
(74 electrons per unit cell in d1S3 versus 72 electrons/unit cell
in pristine). The capacitance enhancement is due to the pz orbi-
tals of the S atoms. Unlike d1 and d1N3, the sp2 orbitals did not
form localized states in the energy range of interest and the struc-
ture is nonmagnetic.

Mo adsorption (Mo*d1) showed the highest quantum capaci-
tance value in this group. But it exhibits poor capacitance between
�0.50 and �0.10 V, corresponding to regions of low density
of states. In the working voltage of aqueous electrolytes, this mate-
rial would be undesirable as an anode material—considering no
excess surface charge accumulated between 0.00 and �0.60 V—
but can serve as a cathode material. The high CQ is due to strongly
localized d-states from Mo. Both d1N3 and Mo*d1 hold potential
as cathode materials for asymmetric supercapacitors, while d1S3’s
symmetric behavior suggests its applicability as an active electrode
material for symmetric supercapacitors.

3.4. Mo Loaded on Single Vacancy Decorated with Three N
Atoms (d1N3) and Three S Atoms (d1S3)

d1S3 and d1N3 doping structures are considered to support
the single Mo atom (Mo*d1N3 and Mo*d1S3), resembling
nitrogenase-like structures.[26] The optimized geometries are
shown in Figure 1l,m. Both Mo*d1S3 and Mo*d1N3 electrodes
exhibit similar trends in capacitance performance. At negative
voltages, CQ dips between about 0.20 and �0.60 V, forming
a U-shaped curve. The maximum capacitance at the anode
occurs at �0.77 V (123.42 μF cm�2) for Mo*d1N3 and at
�0.80 V (174.63 μF cm�2) for Mo*d1S3. At the cathode, the peak
capacitance is 131.64 μF cm�2 (0.49 V) for Mo*d1S3 and 0.30 V
(127.12 μF cm�2) for Mo*d1N3. The surface charge behavior
mirrors the capacitance results, with few charges accumulating
at small voltages at the anode, followed by a steady increase above
�0.60 V, and linear accumulation at the cathode. This suggests
that both Mo*d1S3 and Mo*d1N3 could serve as cathode mate-
rials for supercapacitors (SCs) and as potential anode materials
under higher-voltage conditions.

The enhancement in CQ is linked to the density of states
(DOS) profiles shown in Figure 5. The localized states found
1.00 eV below the Fermi level contribute to improved capacitance
at the cathode, while the limited capacitance at low anode vol-
tages is due to insufficient states few eV into the conduction
band. A higher number of states near 1.00 eV results in better
capacitance at higher voltages. In both Mo*d1N3 and Mo*d1S3,
molybdenum contributes the most to the states within the energy
range of interest (�1.00 eV), with carbon contributing slightly
less, and nitrogen or sulfur contributing even less.

C D

(a) (a)

(b) (c) (c)(b)

Figure 4. a) Quantum capacitance and b,c) excess surface charge density plots of pristine C) d1N3, d1S3, and Mo*d1 and D) Mo*d1N3, Mo*d1S3,
Mo(T), and Mo(H). The yellow region is the voltage range within which aqueous systems remain stable.
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While Mo*d1N3 exhibits magnetism with a magnetic
moment of 1.06 μB, Mo*d1S3 is nonmagnetic, likely due to
the presence of sulfur atoms, as sulfur atoms tend to quench
magnetic moments.[39]

3.5. Pristine Graphene with Mo Adsorbed on Top Site and
Hollow Site

The optimized structures of this group are shown in Figure 1n,o.
Table 1 shows the calculated parameters. The voltage varia-
tion of CQ for each configuration is shown in Figure 4. The
Mo(T) configuration exhibits a “Batman”-shaped capacitance
curve,[40] with a bump at 0.00 V (52.68 μF cm�2) and peak values
of 109.41 μF cm�2 (0.44 V) and 122.62 μF cm�2 (�0.30 V). The
almost symmetric surface charge behavior suggests that Mo(T)
could be a suitable electrode material for symmetric SCs.

The Mo(H) configuration generally exhibits higher capaci-
tance than Mo(T). At negative voltages, the CQ curve is bell
shaped, with a maximum value of 206.16 μF cm�2 (�0.48 V).
On the positive side, maximum values of 132.66 μF cm�2 at
0.92 V and 148.64 μF cm�2 at 0.45 V are observed. The anode
surface charge for Mo(H) outperforms the Mo(T) structure
from around �0.40 V. Mo(H) behaves asymmetrically and
performs well as an anode for asymmetric SCs at negative

voltages and as a cathode at positive voltages. However, it
performs poorly at low voltage conditions because of the
presence of a bandgap, which results in zero excess charge
near 0.00 V.

The DOS in Figure 5 reveals that the high capacitance for
Mo(T) and Mo(H) is largely due to states from the molybdenum
atoms and partially from the p-orbitals of carbon. Mo(T) is non-
magnetic, while Mo(H) is magnetic, with a magnetic moment of
3.98 μB.

Overall, molybdenum and carbon atoms exert the greatest
influence near the Fermi level, enhancing the quantum capaci-
tance performance. A summary of the CQ results for all 15 mod-
els is presented in Table 1, which shows that molybdenum-based
systems exhibit the highest CQ values, with Mo positioned at a
top site yielding the best CQ.

3.6. Charge Density Difference and Band Structure Analysis

Given that electrode models with molybdenum exhibit the high-
est quantum capacitance (CQ) values, we focus on these models
to investigate the Mo-induced modifications further. To under-
stand the mechanism behind the quantum capacitance enhance-
ment caused by molybdenum, we examine the charge density
difference (CDD) and k-resolved band structure.

-10

-5

 0

 5

 10

-4 -3 -2 -1  0  1  2  3  4

Mo*d1N3

D
O

S
 [

st
at

es
/e

V
]

Energy [eV]

Total DOS
Mo
N3
Cp

-10

-5

 0

 5

 10

Mo*d1

Total DOS
Mo
Cp

-10

-5

 0

 5

 10

d1S3

Total DOS
S

Cp

-10

-5

 0

 5

 10

d1N3

Total DOS
N

Cp

-10

-5

 0

 5

 10

-4 -3 -2 -1  0  1  2  3  4

Mo(H)
D

O
S

 [
st

at
es

/e
V

]

Energy [eV]

Total DOS
Mo
Cp

-10

-5

 0

 5

 10

Mo(T)

Total DOS
Mo
Cp

-10

-5

 0

 5

 10

Mo*d1S3

Total DOS
Mo
S3
Cp

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 5. Density of states of a) d1N3, b) d1S3, c) Mo*d1, d) Mo*d1N3, e) Mo*d1S3, f ) Mo(T), and g) Mo(H).
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3.6.1. Charge Density Difference Analysis

The results of the Löwdin charges (QL) presented in Table 1 are
negative for molybdenum, indicating that the Mo atom primarily
acts as an electron donor to the surrounding system. This behav-
ior is consistent with the CDD plots shown in Figure 6, where
charge depletion is observed on the molybdenum atom and cor-
responding charge accumulation occurs on the neighboring
atoms. The density difference is given as

ΔρðrÞ ¼ ρðrÞ � ρgra-subðrÞ � ρMoðrÞ (4)

where ρðrÞ is the electron density of the Mo/graphene system
and ρgra�subðrÞ and ρMoðrÞ are the electron densities of the pure
graphene (or vacancy graphene) and the isolated Mo, calculated
separately with the same atomic positions and supercell size as in
the correspondingMo/graphene systems. From the charge redis-
tribution, CDD analysis can provide insights into the strength
and nature (i.e., ionic or covalent) of the interaction between
Mo and its surroundings.

In in-plane doping cases (MoG and d1Mo, Figure 6a,d), elec-
tron transfer occurs from Mo to carbon atoms, accumulating in
the σ orbitals of nearby carbons, suggesting that the Mo─C inter-
action forms ionic bonds.

For Mo(T) and Mo(H) (Figure 6b,c), the donated charge accu-
mulates mainly in the π orbitals of the carbon atoms beneath the
adatom, with some delocalization across the graphene matrix.
The bonding charge between Mo’s d-orbitals and the surround-
ing Cpz atoms indicates covalent bond formation.

The adsorption of Mo on a single vacancy (Mod1) leads to the
ionic bond formation, while on N/S-decorated monovacancies
(Mo*d1N3/Mo*d1S3), strong covalent bonds form, as shown
by the bonding charge accumulation (Figure 6e–g). In Mod1,
charge accumulates primarily in the σ orbitals of the three coor-
dinating carbon atoms, whereas in Mo*d1N3 and Mo*d1S3,

charge density increases on nitrogen, sulfur, and their directly
linked carbon atoms.

3.6.2. Band Structure Analysis

The effects of charge redistribution and hybridization are
reflected in the k-resolved electronic bands shown in Figure 8
and 9. Typically, electronic bands characterized by s and p orbitals
have a parabolic shape. In graphene, these bands are linear at the
Fermi level. Transition metals like molybdenum, with localized
d bands, display flat bands. However, in Mo-modified graphene,
p–d hybridization causes linear and parabolic bands to shift into
quasiflat bands, especially near d-character bands.

Based on the hybridization between the d shells of a transition
metal (TM) and the defect levels associated with the unrecon-
structed D3h carbon vacancy, Santos et al.[41] proposed a hybrid-
ization model (HBD model) to describe the band structure of
metal adsorption on monovacancy graphene. According to the
model, the d states of the metal atom interact with the localized
dangling bond defect states of the unreconstructed D3h monova-
cancy graphene to form hybrid defect states near the Fermi level.
The interested reader can see ref. [41].

The calculated band structure for the D3h monovacancy is
depicted in Figure 7, showing the sp and pz orbital defect levels.
The HBD scheme is evident for both Mo*d1 (Mo adsorbed on a
single vacancy, Figure 8) and MoG (Mo substitutional doping,
Figure 8) electrode structures. Consistent with the model, three
localized defect levels are observed in both MoG (Figure 8a) and
Mo*d1 (Figure 8b). Specifically, in MoG, two of these are the
bonding–antibonding σ–d pairs (represented by the weighted
blue bands), while the third is a nonbonding defect state.

For the MoG electrode (substitutional doping), the enhance-
ment of CQ at the cathode is primarily attributed to the nonbond-
ing defect state (gray bands at Ef ), which arises from significant
contributions by the Mo s and dz2 orbitals. Additionally, states

(a) (b) (c)

(d) (e) (f)

(g)

Figure 6. Density difference maps (Δρ) illustrating the charge redistribution for various Mo-graphene systems. a) Mo substituting a carbon atom in
pristine: MoG. b) Mo adsorbed on top site: Mo(T ). c) Mo adsorbed on hollow site: Mo(H). d) Mo substituting one unbonded C atom in single vacancy
defect: d1Mo. e) Mo adsorbed on single vacancy defect:Mo*d1. f ) Mo adsorbed on d1N3, where 3 unbonded C atoms in d1 are replaced with nitrogen:
Mo*d1N3. g) Mo adsorbed on d1S3, where 3 unbonded C atoms in d1 are replaced with sulfur: Mo*d1S3.
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resulting from the hybridization between the Cpz orbitals of the
coordinating carbon atoms and the Mo dzx and dzy orbitals
(salmon bands) also play a role in the capacitance enhancement.
In contrast, the bonding–antibonding σ–d states (represented by

the blue bands) are located far from the Fermi level and thus do
not contribute to CQ enhancement within the energy range rele-
vant for aqueous electrolytes.

Decomposing the nonbonding defect band (from K to Γ) in
MoG (within �1.00 eV) reveals the wavefunctions contributing
to the charge density, confirming that the Mo s and Mo dz2 orbi-
tals are indeed not bonded to any atom (Figure 8a). Furthermore,
this decomposition shows that the Cπ states of the carbon atoms
directly linked to those neighboring Mo contribute to the
improved CQ. The DOS and the spatial distribution of the non-
bonding defect state indicate that electrons mainly trapped in the
hybridized Mo s and dz2 states will be extracted when the elec-
trode is positively charged.

Quantum capacitance improvement in the energy range of
interest (�1.00 eV) for Mo*d1 (Mo adsorbed on single vacancy)
is primarily attributed to the p–d spin-up and spin-down non-
bonding defect levels (blue bands), consisting mainly of Mo d
states, except for dz2. This is confirmed by the band decomposed
isosurface plot in the insert. Additionally, CQ improvement at the
conduction band is influenced by antibonding defect states with
Cσ–4dz2 and 4s character (red band at ≈0.80 eV). Excess elec-
trons would be injected into spin-up and spin-down bonding
defect states (salmon band around 1.0 eV), as visualized in the
isosurface plot.

Figure 8. k-resolved band structure of a) MoG: Gray dots represent contributions from the 4dz2 and s orbitals of the Mo atom. Soft red dots represent a
combination of the C2pz orbitals from neighboring C atoms and the 4dxz and 4dyz Mo orbitals. Blue dots represent contributions from the remaining
4dx2–y2 and 4dxy orbitals, along with the C2px and C2py orbitals. b) Mo*d1: Soft red dots represent contributions from the 4s and 4dz2 orbitals of Mo and
the Cpz states of neighboring C atoms, while blue dots represent contributions from the remaining four d states of Mo and the Cpx and Cpy states of
neighboring C atoms. The inset shows a visualization of the contributions of selected wavefunctions on specific bands to the charge density. The size of
the colored dots indicates the relative magnitude of each contribution. The Fermi level is set to 0 eV.
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Figure 7. Calculated nonpolarized band structure of an unoptimized D3h

monovacancy in a 3� 3� 1 supercell of graphene. Weighted blue bands
have sp contributions, and open circle bands have pz character.

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2024, 2400459 2400459 (9 of 13) © 2024 Wiley-VCH GmbH

 15213951, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssb.202400459 by K

w
am

e N
krum

ah U
niv of Sci &

 T
e, W

iley O
nline L

ibrary on [18/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.pss-b.com


The Fermi level lies in the bandgap for MoG and Mo*d1
in the spin-down band structure, while their spin-up bands
exhibit metallic behavior, indicating that both are half-metals.
The HBD scheme by Santos et al.[41] does not apply to the rest
of the band structures because they do not have the required
symmetry and due to differences in their chemical environ-
ments. A different k-path is chosen for d1Mo (Mo doped at a
d1 vacancy site) as its band structure did not fully agree with
the DOS plot (Figure 9a). Unlike MoG and Mo*d1, the dz2

of Mo in d1Mo hybridized with other d orbitals, forming a
strongly localized d band (salmon color band), inducing spin
polarization.

Between �1.00 eV, the localized d band (salmon-weighted
bands) of the spin-up band structure contributes most to the
CQ enhancement, alongside the delocalized π electrons in gra-
phene’s parabolic bands. In this energy range, electrons in the
σ orbitals of carbon atoms directly attached to Mo (where charge
accumulation occurs) play a minimal role in improving CQ. The
Fermi level crossing the energy bands confirms the metallic
behavior.

For Mo adsorption at both the top (Mo(T)) and hollow (Mo(H))
sites of graphene, the σ orbitals, responsible for graphene’s struc-
tural stability, do not contribute to its electronic properties, as
expected. The linear Cπ bands hybridize with d bands, turning

Figure 9. k-resolved band structure of a) d1Mo: Colored dots represent the contributions from Mo states (soft red), the σ states of neighboring carbon
atoms (gray), and the π states of neighboring carbon atoms (gray). The points A and H are located at the edges of the Brillouin zone, with A at the top
along the c-axis and H on the hexagonal face. b) Mo*d1N3: Colored dots represent contributions from Mo states (soft red), states of neighboring
N atoms (gray), and the π states of C atoms directly bonded to N (blue). c) Mo*d1S3: Colored dots represent contributions from Mo states (soft red),
σ states of neighboring S atoms (gray), and states of C atoms directly bonded to S (blue). d) Mo(T): Colored dots represent the contributions from
Mo states (soft red and gray) and the π states of the C atoms directly beneath the adatom (blue). e) Mo(H): Colored dots represent contributions from
Mo states (soft red and gray) and the π states of the carbon atoms directly beneath the adatom (blue). The size of the colored dots represents the relative
magnitude of the contribution. Fermi level set to 0 eV.
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the linear dispersion near the Fermi level into semiflat bands and
introducing defect states. Localized Mo states in Mo(T) induce
spin polarization, whereas Mo at the hollow site (Mo(H)) is non-
magnetic, exhibiting semiconducting behavior. Mo(T), on the
other hand, shows metallic behavior. The pz states of the carbon
atoms directly below the adatom are sparsely distributed within
the energy range of concern (�1.00 eV)—particularly in Mo(T)—
and are largely situated outside this range. This indicates that the
electrons transferred to and shared with the carbon atoms do not
significantly contribute to capacitance enhancement. Instead,
defect bands with dz2 and s character (gray-weighted bands),
along with the remaining d orbitals (salmon color bands), make
the most significant contribution to CQ improvement. The
degree of π–d orbital overlap suggests that Mo(H) forms a stron-
ger bond than Mo(T).

k-resolved bands for Mo*d1S3 and Mo*d1N3, shown in
Figure 9b,c, reveal contributions from Mo, N/S, and the carbon
atoms linked to these heteroatoms. Mo*d1S3 is nonmagnetic,
while localized states of Mo inMo*d1N3 induce spin polarization,
though both structures exhibit metallic behavior. After charge
redistribution in Mo*d1N3, the Cπ orbitals (showing charge accu-
mulation), along with the localized Mo d orbitals, significantly
enhance CQ. Nitrogen contributes less to this improvement.

For Mod1S3, Sπ states do not enhance capacitance (within
�1.00 eV). Instead, localized Mo states and contributions from
carbon atoms bonded to sulfur drive CQ enhancement. Both
Mo*d1N3 and Mo*d1S3 show notable p–d hybridization, as indi-
cated by the charge redistribution in the CDD plots, semiflat
bands in the band structure, and substantial orbital overlap.

Recent studies have shown that transition metal species can
undergo proton-coupled electron transfer (PCET), where the
metal center typically accepts an electron and the ligand donates
a proton (Hþ).[42] As illustrated in Figure 6a, the electron-
deficient (positively charged) Mo centers in the CDD plots
may facilitate electron acceptance, while the electron-rich ligand
regions (notably in Mo*d1S3 and Mo*d1N3) could donate
electrons to vacant Hþ orbitals in aqueous electrolytes. Djire
group[43] demonstrated that nanostructured γ-Mo2N in aqueous
H2SO4 exhibited pseudocapacitance due to PCET and Mo redox
reactions. Thus, the Mo-modified electrodes in this study may
similarly possess pseudocapacitive properties.

3.7. Structural Stability Investigation

The formation energies (Eform) of the various structures, includ-
ing graphitic-X doping, single vacancy, three X atoms with mono-
vacancy, and X doping at the monovacancy site are calculated and
visually represented in Figure 10a (X=N/S/Mo). The energies,
Eform, are obtained using the formulas

EXG ¼ Edefect-Gra � ðn� 1ÞμC � μX (5)

ΔEd1X3 ¼ Edefect-Gra � ðn� 3ÞμC � 3μX (6)

ΔEd1X ¼ Edefect-Gra � ðn� 1ÞμC � μX (7)

ΔEd1 ¼ Edefect-Gra � nμC (8)

where ΔEXG, ΔEd1X3, ΔEd1X, and ΔEd1 are the formation ener-
gies of graphitic-X doping, three X atoms at monovacancy sites,

single X doping at monovacancy site, and single vacancy, respec-
tively. Edefect-Gra is the total energy of the doped or monovacancy
defect graphene with n number of atoms. For X=N, μN is the
total energy per atom of N2 molecule, and μS=Mo (X= S/Mo) is
the energy per S/Mo atom in a bulk sulfur/molybdenum crystal.
μC is the total energy per atom of pristine graphene.

From the trend observed in Figure 10a, the stability for the
graphitic doping reduces with increasing dopant atomic size;
hence, substitutional doping of Mo in graphene (MoG) is the
least stable (10.8 eV) and nitrogen-doped graphene (NG) is the
most stable (�5.9 eV). SG has a formation energy of 5.49 eV,
in agreement with the report of Hajibaba and coworkers.[44]

When a carbon atom is removed from graphene and the struc-
ture relaxed, one of two outcomes is possible: either the broken
bonds remain unsaturated or the monovacancy undergoes Jahn-
Teller rearrangement and two dangling bond carbon atoms reori-
ent to form a covalent bond, leaving a single unbonded C atom.
The former occurred for the d1 structure reported here, with the
symmetry modified from the unreconstructed D3h to a C2v sym-
metry and a formation energy of 7.6 eV, as shown in Figure 10a.
This is in agreement with other PBE theoretical results.[45,46]

Monovacancies are not stable and easily move within the gra-
phene plane and stabilize when they encounter another mono-
vacancy, leading to the formation of a divacancy defect.[46,47] If we
use this as a benchmark to relate to the degree of instability,
revealed by the formation energies of the vacancy-doped materi-
als (open box in Figure 10a), it suggests that d1N3, d1N, d1S,
and d1S3 (in decreasing order of stability) will be more likely
to form and more stable than single vacancy defect. d1Mo
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Figure 10. a) Formation energies (Eform) and b) adsorption energies (Ead)
of various Mo-modified systems.
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(11.6 eV) is the most unstable, likely due to stress introduced by
the large size of Mo.

The adsorption energies (Eads) for Mo anchored on the various
substrates are shown in Figure 10b. The energies were obtained
using the formula

EadðMoÞ ¼ EsubsþMo � Esubs � EMo (9)

EsubsþMo, Esubs, and EMo are the total energy of the optimized
Mo-on-substrate system, total energy of the substrate without the
Mo adatom, and total energy of an isolated Mo atom, respectively.
Mo(T) adsorption energy is 0.71 eV (Figure 10b), whereas Mo(H)
has a relatively strong adsorption energy of �0.32 eV. The inter-
action between graphene and Mo is stronger in Mo(H) than
Mo(T) and consequently more stable. For the trend observed
in Mo anchored on vacancy substrate, molybdenum over single
vacancy (Mo*d1) has a stronger interaction and more stable, with
a formation energy of �7.20 eV, in agreement with the typical
energy value (≈�7 eV) for transition metal loaded on gra-
phene.[48,49] This is followed by Mo*d1N3 (�4.04 eV) and finally,
Mo*d1S3 (�2.43 eV). Nonetheless, Mo over vacancy defect will
be more stable than adsorbed over pristine graphene.

4. Conclusions

In summary, the effects of Mo, S, N, and single-vacancy modifi-
cation on structural, electronic, and energy storage properties
(CQ and QSCD) of graphene were explored using DFT calcula-
tions. Fifteen graphene electrode models were studied, involving
graphitic doping, monovacancy doping, and adsorption of Mo on
pristine and single vacancy structures. The results show that dop-
ing can improve CQ of graphene. Although single vacancy (d1)
modification enhances CQ, models with single and triple pyri-
dinic nitrogen (d1N and d1N3) exhibited even higher CQ.
Additionally, pyrrolic sulfur (d1S) significantly limits CQ of gra-
phene but triple pyridine-S exhibits better performance. The
presence of sulfur also tended to quench the magnetic moment
of Mo and the C vacancy.

Overall, electrodes involving Mo exhibit the greatest CQ, with
Mo adsorbed on the top site yielding the highest CQ. However,
the formation and adsorption energy calculation indicate that Mo
adsorption on the hollow site was more likely than on the top site.
Ultimately, to utilize Mo, the best approach would be to load Mo
on vacancy/N or S decorated vacancy site. The 4dz2 and 4s states
of Mo play major roles in improving CQ, and positive and nega-
tive charge accumulation around Mo may facilitate proton-cou-
pled electron transfer.

It is important to recognize the potential trade-offs between
improved quantum capacitance and the risk of electrolyte
instability. While a higher CQ is advantageous for energy storage,
the increased reactivity of the electrode material, particularly
in systems containing certain defects or dopants, may lead
to unwanted catalytic effects. For instance, the presence of
unbonded atoms, as in some vacancy-modified or pyridinic
nitrogen-doped structures, can introduce highly reactive σ states,
which may promote undesirable electrolyte decomposition dur-
ing cycling.[23] This is especially relevant for high-performance
applications like lithium-ion capacitors (LICs) where stability

is critical. These findings provide strategies for designing stable
graphene-based supercapacitor electrode materials with high CQ

and pseudocapacitance-active sites for energy storage.
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