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ABSTRACT: The modulation of electronic properties and quantum
capacitance of Sc2CF2 under a perpendicular external E-field was investigated
using density functional calculations for the potential application of
nanoelectronics and nanophotonics. Sc2CF2 has an indirect band gap of
0.959 eV without an E-field. Furthermore, it undergoes a semiconducting-
metallic transition under a positive E-field and a semiconductor−insulator
transition under a negative E-field. The application of the negative E-field
makes Sc2CF2 have an indirect band gap. Sc-d, F-p, and C-p states are mainly
responsible for the significant variation of the band gap. Sc2CF2 under an
external E-field always keeps the character of a cathode material under the
whole potential. Especially, Sc2CF2 under a negative external E-field is more
suitable for the cathode material due to its much smaller |Qp|/|Qn| with much
higher Qn. The charge analysis is further performed.

1. INTRODUCTION
Two-dimensional (2D) materials have become the main
research field because of their superior electronic proper-
ties,1−3 which boost their applications widely in optoelec-
tronics.4−6 The zero-band gap for graphene7 hampers its
application in electronic components. Therefore, finding
potential materials with a moderate band gap is an effective
method to widen their practical applications.
Supercapacitors are one of the most potential energy sources

with long cyclic lift and good stability but low energy
density.8,9 Layered 2D materials have superior electrochemical
and optoelectronic performance10−12 and are often used as
electrode materials. Research indicates that novel electrode
materials with high capacitance can increase the energy
density13 and have higher capacitance, better conductivity,
etc.14 Graphene has a theoretical specific area of 2630 m2/g,15

but its capacitance performance should be enhanced.16−18

Quantum capacitance (Cdiff) can greatly improve the total
capacitance of materials and is determined by the electronic
structures of materials.19 Therefore, developing novel 2D
materials to improve Cdiff is one of the hot topics to enhance
the capacitance performance of supercapacitors.
Recently, a new family of 2D materials, MXenes, with the

formula of Mn+1XnTx (M is Ti, Hf, Sc, etc., X is a C or N atom,
and T is the termination group such as F, O, and OH), are
prepared by etching A layers from MAX phases.20,21 MXene-
based electrode materials are investigated because of their
superior characteristics, such as good electrical conductiv-
ity.22,23 Most MXenes are generally metallic, but Sc2CF2 is a
semiconductor, which can be used in nanoelectronics.24−26 An
external electric field (EEF)27 or strain28 can engineer the band

gap of a system to meet the requirements in the fields of
semiconducting and optics.
An EEF is often utilized to change the electronic properties

of 2D materials because of its precise control,29−32 thus
modulating the quantum capacitance. The band gap of MoS2
under an EEF is engineered,33 and a vertical EEF can greatly
modulate the band gap of MoS2. The modulation of the band
gap in bilayer transition-metal dichalcogenides by the EEF is
investigated, and the band gap of the system decreases with
increasing EEF, which is related to the Stark effect.32 Li et al.34

investigated the band gap of the Sc2CO2 bilayer under an EEF.
Previous research studies show that the EEF has little effect on
some pristine monolayer materials like graphene and
silicene.35−37 However, considerable band gap transition was
introduced for single-layer GaN under an EEF.38 So, we think
that an EEF can also affect the other functionalized
monolayers.
MXenes are always terminated with surface groups such as

F, OH, and O groups, depending on etching agents and
subsequent treatment. During etching, the often-used etching
agent is hydrofluoric acid (HF); therefore, the higher
concentration of −F groups on the surface of MXene is
found experimentally.39,40 For this reason, we chose Sc2CF2
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MXene to investigate its related properties. Pure Sc2C is a
metal, and Sc2CF2 has a semiconducting character. The band
gap of Sc2CF2 monolayer obviates the need for band gap
engineering in nanoelectronics and nanophotonics.41 The
engineering of the band gap for the Sc2CF2 monolayer is

important to widen the applications in the fields of
semiconducting and optics.
We herein investigated the electronic properties and Cdiff of

the Sc2CF2 monolayer under an EEF normal to the monolayer.
The Sc2CF2 monolayer under an EEF undergoes the
semiconductor−metal transition at about 0.437 V/Å and the

Figure 1. Atomic structure as ball-and-stick models. (a) Sc2CF2 monolayer top view; (b) Sc2CF2 monolayer side view; (c) band structure of the
Sc2CF2 monolayer without an EEF. Bouquet, copper, and light-gray colors represent Sc, C, and F atoms, respectively.

Figure 2. Band structure of the Sc2CF2 monolayer.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03102
ACS Omega 2023, 8, 28608−28614

28609

https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03102?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


semiconductor−insulator transition at about −0.257 V/Å. The
relationship between the band gap and the external field is also
presented, which we hope experimental scientists will test.

2. COMPUTATIONAL DETAILS
All calculations were performed by the Dmol3 code.42 The
GGA-PBE functional43,44 was used. Double numerical plus
polarization was utilized and exhibited better accuracy.45 A 25
Å vacuum layer was established to eliminate any unnecessary
interaction between layers. 15 × 15 × 1 and 31 × 31 × 1 k-
mesh were used for optimization and density of state (DOS).
All atoms were fully optimized. The convergence in energy and
force is 1 × 10−5 Ha and 0.002 Ha/Å, respectively. The
calculation of the EEF is performed by adding an artificial
dipole to the vacuum level.46 The EEF is in the direction
normal to the Sc2CF2 monolayer with a range from −0.411 to
+0.436 V/Å.

3. RESULTS AND DISCUSSION
3.1. Structural Properties. Different configurations are

considered, and the configuration with F above the Sc atom
has the lowest energy, indicating that it has a stable structure.
Figure 1a,b presents the structures of the stable Sc2CF2
MXene. After the geometry optimization, the lattice constants
of a and b without the EEF are 3.2869 and 3.2894 Å,
respectively. The electronic band structure (Figure 1c) without
the EEF is investigated, and the band gap of the system is
0.959 eV, which is in good agreement with refs 47 and 48.
Cohesive energy (Ecoh) is often used to elucidate phase

stability. For Sc2CF2 MXenes, Ecoh is obtained by the following
equation

E
E E E E(Sc CF ) 2 (Sc) (C) 2 (F)

5coh
tot 2 2 atm atm atm=

(1)

where Etot is the total energy of Sc2CF2 and Eatm are the
energies of free atoms Sc, C, and F, respectively. More negative
Ecoh indicates a more stable structure.
The Ecoh for Sc2CF2 without an EEF is −4.59 eV/atom,

which indicates the stability of Sc2CF2. The Ecoh of Sc2C
MXenes without an EEF is calculated to be −3.15 eV/atom,
indicating that Sc2CF2 MXenes are more stable than Sc2C
MXenes.
3.2. Band Gap Engineering under an EEF. The band

structures of the Sc2CF2 monolayer under an EEF are
presented in Figure 2. Sc2CF2 under an EEF has no
magnetism. An EEF can effectively modify the band structures
of Sc2CF2. The band gap without the EEF is an indirect gap
with the conduction band minimum (CBM) at the M point
and the valence band maximum (VBM) at Γ points (Figure
1c). The band gap of Sc2CF2 decreases gradually by applying a
positive EEF and is driven to zero under 0.437 V/Å, which
indicates that the positive EEF can make the system change
from semiconductor to metal. The application of the positive
EEF makes the CBM shift to Γ point and the VBM shift to the
point between Γ and M at 0.411 V/Å.
The reduction of the band gap under a positive EEF is due

to charge distribution, which originates in the asymmetry of
electronic potential. Under a positive EEF, the conduction
band edge moves down because of the electrostatic potential,
which gives rise to the reduction of the band gap. The band
gap of Sc2CF2 increases continuously by applying a negative

EEF, and Sc2CF2 undergoes the semiconductor−insulator
transition, with a band gap of 4.078 eV at −0.257 V/Å and
7.425 eV at −0.411 V/Å. We can note that the band gap
increases drastically with the increasing negative EEF and
keeps the indirect gap between the M and Γ points.
The energy per atom is investigated to explore the influence

of an EEF on electronic properties. The energy under an EEF
is EE‑field = (Ewithout‑field − EE‑field)/n, where n is the atomic
number in a unit cell. Figure 3 plots the band gap and energy
under an EEF. The character of the quadratic function for the
energy under an EEF indicates that the applied EEF is within
the limit.

From Figure 3, the band gap decreases linearly with the EEF
in the range of −0.411 to 0.437 V/Å. The most important
finding in this paper is that (1) the band gap increases with the
negative EEF and undergoes the semiconductor−insulator
transition at about −0.257 V/Å; (2) the band gap reduces with
the increasing positive EEF and has the semiconductor−metal
transition. It is noted that the band gap under the EEF can be
engineered from 0 to 7.425 eV, which indicates that the EEF is
an effective strategy to modulate the band gap of Sc2CF2.
The partial density of states (PDOS) of the Sc2CF2

monolayer is presented in Figure 4. We list the PDOS of
Sc2CF2 with the EEF of −0.257, 0, and +0.437 V/Å in Figure
4. Sc-d states have strong interactions with C-p states around
−1.5 eV and with F-d states around −5.5 eV without the EEF.
With the increasing negative EEF, the energy at which Sc-d
and F-d states interact shifts toward the right and is about −2.7
eV. The energy at which Sc-d and C-p states interact shifts
toward the right with the increasing positive EEF and is −0.5
eV, while the interaction between Sc-d and F-d states
disappears at 0.437 V/Å.
C-p states without the EEF have two peaks (labeled in

Figure 4) at around −2 eV. With the increase of the negative
EEF, the two peaks converge into one peak. From Figure 4, the
CBM state without the EEF originates from Sc-d states, while
the VBM originates from Sc-d and C-p states. When the EEF is
−0.257 V/Å, the VBM state is mainly from Sc-d, F-p, and C-p
states, and Sc-d states provide the main contribution of the
CBM. With the increasing negative EEF, the energy of the Sc-d
state from the CBM state shifts to higher energy gradually, and
the band gap increases. The blueshift of Sc-d and C-p states
from the VBM state makes Sc2CF2 monolayer metalized. DOS
around the Fermi level at +0.437 V/Å is mainly from the Sc-d
and C-p states.

Figure 3. Effect of an EEF on the band gap and energy of Sc2CF2
MXene.
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3.3. Bader Charge under an EEF. Figure 5 presents the
Bader charge of Sc, C, and F atoms under an EEF. Sc is the

center of the positive charge and donates electrons to C and F
atoms, and the negative charge accumulates around C and F
atoms. The charges on Sc, C, and F atoms without an EEF are
1.275, −1.363, and −0.594 e−., respectively. With the
increasing negative EEF, the charges on the Sc atom decrease
gradually, then drastically decrease to 0.732 e− at −0.411 V/Å.
Similarly, the charges on C and F atoms increase gradually and
then have a drastic increase at −0.411 V/Å. So, there are
strong Sc−C and Sc−F interactions in the system. The Sc−F
interaction decreases under the EEF of −0.411 V/Å, which is
induced by the built-in electric field generated by spontaneous
polarization.
The charges on the Sc atom slightly fluctuate with the

increasing positive EEF, then have a drastic decrease when the
EEF is larger than 0.411 V/Å. Similarly, the charges on C and
F atoms also have a fluctuation, then have a drastic increase.
So, the Sc−C and Sc−F interactions decrease above the EEF
of 0.411 V/Å.
3.4. Quantum Capacitance of Sc2CF2 under an EEF.

Quantum capacitance of 2D materials is calculated according
to ref 49. Figure 6 presents the total DOS, Cdiff, and surface
storage charge (Q) in the potential range of ±0.6 V (for
aqueous electrolytes) and ±1.2 V (for ionic/organic electro-
lytes). Considering the insulator character of the system with a
larger band gap of 4.078 eV at −0.257 V/Å, we only consider
the Cdiff and Q with the EEF from −0.154 to 0.437 V/Å.
From Figure 6a,c, at 0 V, the Cdiff of Sc2CF2 under a positive

EEF are generally larger than those under a negative EEF. The
Cdiff of Sc2CF2 at 0 V is 170.08 μF/cm2. The Cdiff of Sc2CF2

under −0.051 and −0.154 V/Å are 242.10 and 197.39 μF/cm2,
respectively. The Cdiff of Sc2CF2 are 257.58, 191.80, 210.72,
783.83, and 793.60 μF/cm2 for 0.051, 0.154, 0.257, 0.411, and
0.437 V/Å, respectively.
In an aqueous system, the top Cdiff and Q of Sc2CF2 without

the EEF at negative and positive potentials are 838.95 μF/cm2

and −340.44 μC/cm2, 116.59 μF/cm2 and 17.61 μC/cm2,
respectively. Under a negative EEF, the Cdiff of Sc2CF2 at
positive potential tends to be zero, and their top Cdiff and Q at
negative potential are 786.70, 791.85, μF/cm2, and −331.13,
−290.44 μC/cm2 for −0.051, −0.154 V/Å, respectively. The
top Q at positive potential (CBEp) are 42.32 and 34.30 μC/
cm2 for −0.051 and −0.154 V/Å, respectively. Under a positive
EEF, the top Cdiff at a negative potential (Cn) fluctuates with
the increasing potential and drastically increases to 1200.57
and 1204.33 μF/cm2 at 0.411 and 0.437 V/Å, respectively.
Similarly, their top Cdiff at positive potential (Cp) also has a
drastic increase at 0.411 and 0.437 V/Å, with 701.90 and
715.86 μF/cm2, respectively. The Qp increases with the
increasing potential, while the top Q at a negative potential
(Qn) fluctuates and increases to −648.58 and −650.15 μC/
cm2 at 0.411 and 0.437 V/Å, respectively. In an ionic/organic
system, the wide potential generally greatly improves the Cn
and Qn.
The ratio of Qp and Qn is used to predict the preferred

electrode type. Figure 7 shows the Qp, Qn, and |Qp|/|Qn| in
whole potential. |Qp|/|Qn| in the aqueous system for Sc2CF2
under an EEF are all smaller than 1, indicating that Sc2CF2
under the EEF is suitable as cathode material. Especially, the
system without the EEF has more potential as a cathode
material due to the lower |Qp|/|Qn| with higher Qn and lower
Qp. Sc2CF2 under an EEF keeps the character of the cathode
material under wide potential. We can note that Sc2CF2 under
a negative EEF is more suitable for the cathode material due to
its much smaller |Qp|/|Qn| with much higher Qn. Table S1 lists
the Qp, Qn, |Qp|/|Qn|, and the electrode type in the whole
potential.

4. CONCLUSIONS
In this paper, the modulation of electronic structures and
quantum capacitance of monolayer Sc2CF2 under an EEF is
theoretically investigated. Our investigation indicates that the
EEF is an effective method to engineer the band gap of Sc2CF2.
Sc2CF2 changes from semiconductor to conductor with the
increasing positive EEF. With the increasing negative EEF,
Sc2CF2 undergoes the semiconductor−insulator transition at
−0.257 V/Å. The band gap is 7.425 eV at about −0.411 V/Å.
The blue shift of Sc-d and C-p states from the VBM state

Figure 4. PDOS of Sc2CF2 under an EEF.

Figure 5. Bader charge of Sc, C, and F atoms under an EEF.
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induces the metallization of Sc2CF2 with increasing positive
EEF. With the increasing negative EEF, the blueshift of Sc-d
states from the CBM state induces the increase of band gap.
Sc−C and Sc−F interactions decrease with the increasing
positive EEF. Sc2CF2 under an EEF is a potential cathode
material under the whole potential, and the wide potential
greatly improves the Cn and Qn.
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