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Abstract: Theoretical modeling calculations and experimental measurements were adopted to investi-
gate the oxygen activation effect of carbon nanofibers (CNFs) interacting with polypyrrole (PPY). The
CNF undergoes a hydrothermal oxidation process to form epoxy and hydroxyl groups containing
carbon nanofibers (CNF-O). The oxygen activation effect of CNF on the electronic and electrochemical
properties was investigated through the interfacial interaction between CNF-O and PPY. Theoretical
modeling calculation discloses that CNF-O/PPY exhibits lower electronic bandgaps (0.64 eV), a
higher density of states (10.039 states/eV), and a lower HOMO–LUMO molecular orbital energy gap
(0.077 eV) than CNF/PPY (1.56 eV, 7.946 states/eV and 0.112 eV), presenting its superior electronic
conductivity and electroactivity. The Mulliken population and charge density difference analysis
disclose the stronger interface interaction of CNF-O/PPY caused by epoxy and hydroxyl groups.
Cyclic voltammogram measurements reveal that CNF-O/PPY exhibits a higher response current and
a higher specific capacitance (221.1–112.2 mF g−1) than CNF/PPY (57.6–24.2 mF g−1) at scan rates
of 5–200 mV s−1. Electrochemical impendence spectrum measurements disclose that CNF-O/PPY
exhibits a lower charge transfer resistance (0.097 Ω), a lower ohmic resistance (0.336 Ω), a lower
Warburg impedance (317 Ω), and a higher double-layer capacitance (0.113 mF) than CNF/PPY
(1.419 Ω, 9.668 Ω, 7865 Ω, and 0.015 mF). Both theoretical and experimental investigations prove that
CNF-O/PPY presents an intensified intermolecular interaction rather than CNF/PPY. The promotive
oxygen activation effect of CNF could contribute to improving the electronic and electrochemical
properties of CNF-O/PPY.

Keywords: carbon nanofibers; electronic and electrochemical properties; activation effect;
polypyrrole; theoretical modeling calculation

1. Introduction

Versatile graphite carbon materials have been widely used as various electrodes, sub-
strates, or supporting carriers for chemical, electrochemical, biological, and electronical
applications due to their corrosion resistance, feasible surface activity, high conductiv-
ity, and surface area properties [1–4]. Redox-active materials, such as transition metal
oxides/sulfides/nitrides, conductive polymers, polyoxometalates, and their composites,
are usually applied as the stable and conductive electrode materials of chemosensors and
biosensors in analytical testing areas, pseudo-supercapacitors, and batteries in electrochem-
ical energy storage areas. Various carbon materials, such as graphite, graphene, carbon
fiber, carbon nanotubes, and carbon dots, can be applied to electrical double-layer capac-
itors [5,6]. The formulation of redox-active and carbon-material composites has become
a useful strategy for constructing highly electroactive energy storage electrode materials.
In particular, carbon fibers have highly accessible surface areas, chemical/electrochemical
stability, electrical conductivity, and mechanical flexibility, acting as reasonable electrodes
or substrate materials for versatile supercapacitor electrode applications [7–12]. However,
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bare carbon fibers have smooth surfaces with physiochemical inertness, which causes low
interfacial interaction with electrolyte ions and electroactive materials. Furthermore, the
weak interaction of van der Waals forces between carbon fibers and electroactive materials
usually causes low electronic and electrochemical performance [13]. Carbon fibers usually
show very low electrical double-layer capacitance in reversible charge–discharge processes.
Various activation methods, such as wet chemical, electrochemical, or microwave treat-
ments, have been developed to activate carbon fibers [14]. Oxygen-containing functional
groups were introduced on the graphite framework, which could improve the interfacial
interaction, electroactivity, and capacitance performance as well [15,16]. So, a well-designed
graphite carbon electrode with functional groups can be applied for high-performance
sensor and supercapacitor applications [17]. Moreover, various conductive polymers are
usually used to modify carbon fibers to prepare electroactive electrodes for electrochemical
applications [11,18]. In particular, polypyrrole, one kind of typical conductive polymer,
has good biocompatibility for the specified biosensor application and good electroactivity
for a specified supercapacitor application [19–21]. PPY-based biosensors have been widely
investigated and reported. Electrochemical testing systems are also widely adopted for
the sensitive testing of various molecules according to the response current density. Well-
designed carbon nanofiber/conductive polymers have become feasible electrode materials
in terms of achieving these functions [22]. The surface oxygen functional groups play
an important role in the electrochemical properties of carbon nanofibers [23,24]. How-
ever, interfacial interaction is not well investigated between the activated graphite carbon
nanofibers and the conductive polymer of pyrrole, which has a significant effect on the
electronic and electrochemical properties of the activated carbon nanofiber/conductive
polypyrrole composite. In addition, the current response has been widely applied as a
sensitive indicator of electrothermal quantitative determination of target molecules. So, it
has become reasonable to construct a functional carbon nanofiber/polypyrrole composite
electrode. Electrochemical capacitance measurements were used for electroactivity evalua-
tion. The simulation calculation of molecular dynamics and density functional theory was
used to explain the experimental results and disclose the correlation between the theoretical
data and the experimental data [25].

In this study, graphite carbon nanofibers (CNFs) were adopted as active electrode sub-
strate materials. Surface activation through hydrothermal oxidation treatment is applied to
form oxygen functional groups-containing carbon nanofibers (CNF-O). The electroactive
polymer polypyrrole (PPY) is used to modify CNF-O to form CNF-O/PPY composite
electrode material. The oxygen-activation effect of CNF in CNF-O/PPY is investigated by
studying the interfacial interaction between CNF-O and PPY. The CNF-O/PPY nanocom-
posite is applied as a Faradaic supercapacitor electrode material to investigate superior
response current capacitance performance. The molecular modeling calculations and elec-
trochemical experimental measurements were applied to investigate the electronic and
electrochemical properties of the reactive CNF-O/PPY electrode material.

2. Materials and Methods
2.1. Materials

The pyrrole monomer (Py, CAS number 109-97-7, analytical grade purity, 99%) was
purchased from Sinopharm chemical reagent Co., Ltd., Shanghai, China. Nitric acid (HNO3,
CAS number 7697-37-2, P Analytical grade purity, weight concentration 69%) and sulfuric
acid (H2SO4, CAS number 7664-93-9, analytical grade purity, weight concentration 98%)
were purchased from Sinopharm chemical reagent Co., Ltd., Shanghai, China. The carbon
fibers were purchased from Yangzhou carbon fiber Co., Ltd., Yangzhou, China. Other
chemical reagents of analytical grade were purchased from Sinopharm chemical reagent
Co., Ltd., Shanghai, China, and used without further purification. Deionized water and
the above materials were used directly without further purification. All aqueous solutions
were prepared using double-distilled water.



Fibers 2024, 12, 4 3 of 13

2.2. Synthesis, Characterization, and Experimental Measurements

The oxidation activation of CNF was conducted in the diluted HNO3 solution through
the hydrothermal oxidation process using a polytetrafluoroethylene Teflon-lined stainless
reactor. Thermal activation was then conducted in an argon atmosphere using a tubular
furnace, forming the product of CNF-O. The interfacial interaction of polypyrrole (PPY)
was conducted through electrochemical polymerization of pyrrole monomer on the surface
of CNF-O, forming CNF-O/PPY.

The surface morphology and microstructure of CNF, CNF-O, and CNF-O/PPY were
investigated by field-emission scanning electron microscopy (FESEM, Ultra-Plus Zeiss,
Oberkochen, Germany). Element analysis was conducted by energy dispersive X-ray (EDX,
Sirion FEI, Hillsboro, OR, USA) diffraction in order to identify the element composition
of CNF and CNF-O. X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha,
Waltham, MA, USA) was used to analyze the surface oxygen-containing functional groups
on CNF-O.

Electrochemical measurements were conducted in 1.0 M H2SO4 electrolyte solution
using a three-electrode system. CNF-O/PPY, platinum sheet (Pt), and saturated calomel
electrode (SCE) were used as the working electrode, counter electrode, and reference
electrode, respectively. Electrochemical properties were measured using a CHI760C electro-
chemical workstation, including cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS).

2.3. Theoretical Calculation

The density functional theory (DFT)-based molecular modeling calculation was per-
formed to investigate the electronic properties and interfacial interaction of CNF-O/PPY
through Materials Studio [26]. The DMol3 package was used to calculate the highest
occupied molecular orbital–lowest unoccupied molecular orbital (HOMO–LUMO) energy
gaps, and the CASTEP package was used to calculate the density of states (DOS), electronic
energy gap, and charge density difference. In view of the exchange and correlation of
the electronic interaction, the Predew, Burke, and Ernzernhof (PBE) generalized gradient
approximation level was conducted in the DFT calculation. The cut-off energy of the
plane wave functional was 350 eV. The thresholds of the convergence tolerance were set
as follows. The convergence tolerance of energy was under 5 × 10−5 eV per atom, the
maximal displacement was 0.005 Å, and the maximal stress was 0.2 GPa. The maximal
force was 0.1 eV per Å.

3. Results and Discussion
3.1. Morphology and Microstructure

Figure 1A,B show the overall view and magnified view of FESEM images of carbon
nanofibers of CNF and oxygen-activated carbon nanofibers of CNF-O. Two kinds of carbon
nanofibers, CNF and CNF-O, are comprised of individual nanofibers that are highly aligned
and packaged together to form carbon nanofiber bundles. Individual nanofibers have a
diameter of 100–130 nm. Nanofiber bundles have a diameter of 7.4–8.2 µm. According to
the inserted SEM images with the magnified illustration, the carbon nanofibers of CNF
exhibit an almost smooth surface morphology. Comparatively, the oxygen-activated carbon
nanofibers of CNF-O exhibit a rough, porous surface morphology with a pit distribution,
which is due to the chemical corrosion of carbon nanofibers caused by hydrothermal
oxidation treatment. So, CNF-O is able to provide a higher surface area than CNF, which
promotes interfacial interaction in electrochemical applications.
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Figure 1. Overall view and magnified view of FESEM images of (A) carbon nanofibers of CNF and 
(B) oxygen-activated carbon nanofibers of CNF-O. 

3.2. Experimental Results 
Figure 2A,B show the EDX spectra of CNF and CNF-O. CNF involves a bare charac-

teristic peak at the binding energy of 0.27 eV, which is assigned to the carbon element. 
Comparatively, CNF-O involves one strong characteristic peak at the binding energy of 
0.27 eV and another weak characteristic peak at the binding energy of 0.52, which are, 
respectively, assigned to the carbon element and oxygen element. It indicates that the CNF 
only involves carbon elements. The CNF-O involves both carbon elements and oxygen-
containing functional groups. Figure 2C shows the XPS spectrum of C 1s of CNF-O. Ob-
viously, four characteristic peaks for C 1s of CNF-O are observed at the binding energies 
of 284.5 eV, 288.4 eV, 286.4 eV, and 285.4 eV, respectively. They can be assigned to C=C, 
O-C=O, O-C-O, and C-OH. All these oxygen-containing functional groups are formed on 
the surface of carbon nanofibers. In view of the characteristic peak intensity and peak area 
of the fitting curves, the epoxy and hydroxyl groups become predominant, and the car-
boxyl group becomes insignificant. So, the epoxy groups (C-O-C) and hydroxyl groups 
(C-OH) are mainly involved in the molecular structure of CNF-O, which are used for con-
structing reasonable molecular modeling and conducting further theoretical simulation 
calculations. 

  
(A) (B) 

Figure 1. Overall view and magnified view of FESEM images of (A) carbon nanofibers of CNF and
(B) oxygen-activated carbon nanofibers of CNF-O.

3.2. Experimental Results

Figure 2A,B show the EDX spectra of CNF and CNF-O. CNF involves a bare char-
acteristic peak at the binding energy of 0.27 eV, which is assigned to the carbon element.
Comparatively, CNF-O involves one strong characteristic peak at the binding energy of
0.27 eV and another weak characteristic peak at the binding energy of 0.52, which are,
respectively, assigned to the carbon element and oxygen element. It indicates that the
CNF only involves carbon elements. The CNF-O involves both carbon elements and
oxygen-containing functional groups. Figure 2C shows the XPS spectrum of C 1s of CNF-O.
Obviously, four characteristic peaks for C 1s of CNF-O are observed at the binding energies
of 284.5 eV, 288.4 eV, 286.4 eV, and 285.4 eV, respectively. They can be assigned to C=C,
O-C=O, O-C-O, and C-OH. All these oxygen-containing functional groups are formed on
the surface of carbon nanofibers. In view of the characteristic peak intensity and peak area
of the fitting curves, the epoxy and hydroxyl groups become predominant, and the carboxyl
group becomes insignificant. So, the epoxy groups (C-O-C) and hydroxyl groups (C-OH)
are mainly involved in the molecular structure of CNF-O, which are used for constructing
reasonable molecular modeling and conducting further theoretical simulation calculations.
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3.3. Theoretical Calculations of Molecular Modeling

Figure 3A,B show the periodic molecular modeling of CNF/PPY and CNF-O/PPY.
CNF only involves a surface graphene layer with a hexagonal carbon ring structure. Com-
paratively, CNF-O involves a surface graphene layer with a hexagon carbon ring structure
and additional hydroxyl and epoxy group structures. The PPY molecule chain involves
a pentagon hybrid ring structure with an imino group. CNF/PPY and CNF-O/PPY in-
volve two molecular layers with a face-to-face plane structure between PPY and CNF or
CNF-O. Figure 3C,D show the charge density differences of CNF/PPY and CNF-O/PPY.
The negative charge mostly concentrates on the oxygen atoms of the hydroxyl and epoxy
functional groups of CNF-O in CNF-O/PPY. The negative charge mostly concentrates on
the partial carbon atoms of CNF in CNF/PPY. The positive charge concentrates on the
hydrogen atoms of the imino group of PPY for CNF/PPY and CNF-O/PPY. Accordingly,
the optimized molecular structures with atomic charge distribution are obtained through
energy optimization calculations. Figure 3E,F show the Mulliken population charge of
CNF/PPY and CNF-O/PPY molecular modeling. Mulliken population analysis discloses
the charge distribution of all atoms in CNF/PPY and CNF-O/PPY. Concerning CNF/PPY,
nitrogen in PPY has a partial atomic charge in the range of −0.50 to −0.52, and hydrogen
in PPY has a partial atomic charge in the range of 0.44 to 0.46. Carbon in CNF has a partial
atomic charge in the range of −0.01 to −0.06. Comparatively, concerning CNF-O/PPY,
oxygen atoms of hydroxyl and epoxy groups in CNF-O have a partial atomic charge of
−0.73 and −0.45, respectively. The nitrogen atoms in PPY have a partial atomic charge in
the range of −0.47 to −0.51, and the hydrogen atoms have a partial atomic charge in the
range of 0.45 to 0.47. Concerning the interfacial interaction of CNF/PPY and CNF-O/PPY,
the oxygen of CNF-O obviously has a more negative charge than the carbon of CNF. CNF-
O/PPY involves a stronger electrostatic interaction force between CNF-O and PPY than
that between CNF and PPY in CNF/PPY.

Concerning the interfacial interaction between PPY and CNF or CNF-O, the surface
graphene layer of graphite carbon nanofibers is deformed from a flat surface to a bend-
ing surface. The oxygen activation of CNF causes a change in charge density between
CNF/PPY and CNF-O/PPY. The oxygen atoms of hydroxyl and epoxy groups have a
negative potential in CNF-O/PPY, leading to its preferential interaction with the positively
charged imino group of PPY. Comparatively, the partial carbon atoms have a negative
potential in CNF/PPY, which only causes their oriented interaction with the positively
charged imino group of PPY. Accordingly, a more intensified interaction is established
between CNF-O and PPY in CNF-O/PPY in comparison with CNF/PPY. It is believed
that the intensified electrostatic interaction between CNF-O and PPY could contribute to



Fibers 2024, 12, 4 6 of 13

promoting intermolecular electronic transportation in CNF-O/PPY, which accordingly
improves its electroactivity in the electrochemical process.
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Figure 4 shows the electronic bandgap curves of CNF/PPY and CNF-O/PPY. The
CNF and CNF-O have higher conductivity than PPY. The electronic bandgaps of CNF/PPY
and CNF-O/PPY are mostly dependent on the PPY rather than carbon nanofibers. The
electronic bandgaps of CNF/PPY and CNF-O/PPY are determined to be 1.56 eV and 0.64 eV,
respectively. It indicates CNF-O/PPY exhibits a lower electronic bandgap than CNF/PPY,
which indicates more feasible electron transportation of CNF-O/PPY than CNF/PPY. The
declined electronic bandgap of CNF-O/PPY is ascribed to its intensified interaction between
CNF-O and PPY. CNF/PPY only involves weak intermolecular interactions of van der
Waals forces between CNF and PPY. Comparatively, CNF-O/PPY involves the enhanced
intermolecular interaction of additional hydrogen banding forces between CNF-O and PPY.
Accordingly, CNF-O/PPY has lower electronic bandgap energy than CNF/PPY, which
accordingly promotes the intermolecular electron transportation of CNF-O/PPY.

Figure 5 shows the electronic density of states (DOS) of CNF/PPY and CNF-O/PPY.
CNF/PPY and CNF-O/PPY show a similar shape of the electronic density of states. This re-
sult is ascribed to the similar contribution of electronic states from graphite carbon and PPY.
The electronic densities of states of CNF/PPY and CNF-O/PPY cross the Fermi level, indi-
cating the absence of obvious bandgap structures. Comparatively, the DOSs of CNF/PPY
and CNF-O/PPY are, respectively, determined to be 7.946 and 10.039 states/eV at Fermi
energy of 0. CNF-O/PPY shows a higher electronic density of states than CNF/PPY. It is
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mostly caused by the intensified interfacial interaction between CNF-O and PPY. Accord-
ingly, CNF-O/PPY exhibits higher electronic conductivity than CNF/PPY. It is beneficial
for the intermolecular electron transport from PPY to CNF-O during the electrochemical
process, which accordingly promotes the electroactivity and capacitance of CNF-O/PPY.
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Figure 5. Electronic density of states of (A) CNF/PPY and (B) CNF-O/PPY.

Figure 6A,C show the HOMO and LUMO electron density distributions of CNF/PPY.
The orbital electrons of HOMO and LUMO are mainly located on the carbon atom of
CNF in CNF/PPY. This result is mostly ascribed to the π electron-conjugated effect of the
surface graphene layer in CNF/PPY. The change in orbital electron distribution among
different carbon atoms indicates the promoted electron delocalization of the hexagon
carbon ring from HOMO to LUMO in CNF/PPY. Figure 6B,D show the HOMO–LUMO
electron density distribution of CNF-O/PPY. The orbital electrons of HOMO and LUMO
are located on the oxygen atom and carbon atom of CNF-O in CNF-O/PPY. The orbital
electron distribution is transformed from the oxygen atom to the carbon atom. It indicates
the electron delocalization of the hexagon carbon ring is promoted when the orbital electron
transition occurs from the HOMO to the LUMO in CNF/PPY. In addition, the characteristic
of empty orbital electrons of PPY indicates the orbital electrons of HOMO to LUMO are
mostly dependent on the in conjugative hexagon carbon ring of carbon nanofiber rather
than the pentagon hybrid ring of pyrrole in CNF/PPY and CNF-O/PPY.
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The LUMO–HOMO molecular orbital energy gap reflects the energy of the electronic
transition from the HOMO to the LUMO. The LUMO–HOMO molecular orbital energy
gap is determined by the difference between the energy level of the LUMO and the energy
level of the HOMO, whose calculation formula is shown as Eg(LUMO-HOMO) = E(LUMO) −
E(HOMO).

Concerning the LUMO–HOMO molecular orbital energy gap of CNF-O/PPY,

Eg(LUMO-HOMO) = −0.17084 − (−0.173665) = 0.00283 Ha = 0.077 eV

Concerning the LUMO-HOMO molecular orbital energy gap of CNF/PPY,

Eg(LUMO-HOMO) = −0.170828 − (−0.174948) = 0.00412 Ha = 0.112 eV

The CNF-O/PPY reveals a lower molecular energy gap (0.077 eV) than CNF/PPY
(0.112 eV). It implies that CNF-O/PPY is able to conduct a more feasible electron transition
from the HOMO to the LUMO in comparison with CNF/PPY. It is believed that the oxygen
atom takes part in the orbital hybridization in CNF-O/PPY, which causes more orbital
energy levels and, accordingly, a lowered molecular energy gap.

Therefore, DFT-based theoretical modeling calculations prove that CNF-O/PPY ex-
hibits lower electronic bandgaps (0.64 eV), a higher density of states (10.039 states/eV),
and a lower HOMO–LUMO energy gap (0.077 eV) than CNF/PPY (1.56 eV, 7.946 states/eV,
0.112 eV), presenting its superior electronic conductivity. CNF-O/PPY exhibits higher
reactivity in the electrochemical process.

3.4. Electrochemical Properties

The electrochemical properties of CNF/PPY and CNF-O/PPY electrodes are evaluated
through electrochemical capacitance and impedance analysis, which is based on cyclic
voltammetry and electrical impedance spectrum measurements. Figure 7A,B shows CV
curves of CNF/PPY and CNF-O/PPY in 1.0 M LiClO4 at scan rates from 5 to 200 mV s−1.
In general, PPY is able to carry out the reversible doping/dedoping reaction in the presence
of perchlorate anion during the electrochemical CV process, which leads to the current
response and, accordingly, the electrochemical capacitance performance. The responding
doping/dedoping reaction of PPY is shown in Formula (1).

[PPY] + [ClO4]
− 


−e
+e

[PPY]+[ClO4]
− (1)
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This perchlorate anion doping/dedoping reaction of PPY usually occurs at the anode
potential of 0.5 V and the cathode potential of 0.08 V versus SCE. Herein, in these CV curves
at scan rates from 5 to 200 mV s−1, the redox peaks are not obvious in the potential from 0
to 0.8 V versus SCE. It indicates that the ion diffusion of ClO4

− anion becomes significant in
the diffusion-controlled kinetics process, which is well matched with the doping/dedoping
reaction of PPY. The CV-based specific capacitance (CCV, mF g−1) can be calculated using
Equation (2).

CCV =
i
υ
=

[(∫ Vc

Va
i(ν)× dν/(Vc − Va)

)]
/ν = [

1
2
(
∮

i(ν)× dν)/∆V]/ν (2)

where i =
[

1
2 (
∮

i(ν)× dν)/∆V
]

represents mean response current density (mA g−1); Va

and Vc represent upper and lower potential (V), respectively; v denotes the potential
sweep rate (V s−1). Figure 7C shows the corresponding specific capacitance in terms of
response current density of CNF/PPY and CNF-O/PPY electrodes in 1.0 M LiClO4 at
scan rates from 5 to 200 mV s−1. Table 1 lists the specific capacitance of CNF/PPY and
CNF-O/PPY electrodes at scan rates from 5 to 200 mV s−1. The response current density is
determined to be 0.028~0.484 mA g−1 for the CNF/PPY electrode and 0.111~2.245 mA g−1

for the CNF-O/PPY electrode when the scan rates are raised from 5 to 200 mV s−1. So,
the CNF-O/PPY electrode presents a higher response current density than the CNF/PPY
electrode at the same scan rate, indicating higher reaction electroactivity of the CNF-O/PPY
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electrode. Accordingly, the specific capacitance of CNF/PPY electrodes is determined to be
57.6~24.2 mF g−1 for the CNF/PPY electrode and 221.1~112.2 mF g−1 for the CNF-O/PPY
electrode. So, the CNF-O/PPY electrode presents higher specific capacitance performance
than the CNF/PPY electrode at the same scan rate. Considering the reversible doping-
dedoping process of perchlorate anion in PPY, CNF/PPY and CNF-O/PPY electrodes
conduct the reversible Faradaic reaction in LiClO4 electrolyte at the potential range from 0
to 0.8 V versus SCE, contributing to the pseudocapacitance performance. Accordingly, the
CNF-O/PPY electrode reveals higher response current and capacitance than the CNF/PPY
electrode at the same scan rates and the same potentials. The CNF-O/PPY electrode exhibits
higher electroactivity than the CNF/PPY electrode. A similar result is obtained in the above
molecular modeling calculation shown in Figure 5. It proves that CNF-O/PPY exhibits a
higher total density of states and electronic conductivity than CNF/PPY at a Fermi energy
of 0. So, this experimental measurement result is consistent with the theoretical simulation
calculation result of the molecular modeling. Therefore, it is reasonable to conclude that
the CNF-O/PPY electrode reveals much higher electronic conductivity and capacitance
performance than the CNF/PPY electrode.

Table 1. Specific capacitance of CNF/PPY and CNF-O/PPY electrodes at scan rates from 5 to
200 mV s−1.

Scan Rate (mV s−1) 200 100 50 20 10 5

CNF/PPY (mF g−1) 24.2 27.4 32.1 39.4 46.2 57.6
CNF-O/PPY (mF g−1) 112.2 123.5 136.1 156.3 177.7 221.1

The electrochemical impedance spectrum is usually applied to analyze the charge
transfer resistance in the high frequency range and the diffusion impedance of the designed
composite electrode in the low frequency range. Figure 8A–C show the electrochemical
impedance spectra of CNF-O/PPY and CNF/PPY electrodes and an equivalent circuit
modeling diagram. Table 2 lists the fitting parameter values of electronic elements in
the equivalent circuit modeling diagram. The equivalent circuit modeling includes four
electronic elements, which are assigned to the charge transfer resistance (Rct), ohmic
resistance (Ro), Warburg impendence (W), and double-layer capacitance (Cdl). The CNF-
O/PPY reveals much lower Rct and Ro values than CNF/PPY, implying a more feasible
charge transfer and lower ohmic resistance than CNF/PPY. The CNF-O/PPY also reveals a
lower W value and a higher Cdl value than CNF/PPY. More feasible electrolyte ion diffusion
in the CNF-O/PPY electrode causes its lower diffusion resistance and capacitive impedance
as well. CNF-O/PPY accordingly achieves higher electrochemical double layer capacitance
performance than a normal CNF/PPY electrode. The EIS measurement results of CNF-
O/PPY and CNF/PPY agree with the above DFT-based modeling calculation results.
So, the electrochemical impendence spectrum measurement discloses that CNF-O/PPY
exhibits a lower charge transfer resistance (0.097 Ω), a lower ohmic resistance (0.336 Ω), a
lower Warburg impedance (317 Ω), and a higher double-layer capacitance (0.113 mF) than
CNF/PPY (1.419 Ω, 9.668 Ω, 7865 Ω, 0.015 mF), indicating higher reactivity of CNF-O/PPY.
Lower ohmic resistance, lower Warburg impedance, more feasible charge transfer, and more
electrolyte diffusion contribute to improving the electrochemical capacitance performance
of CNF-O/PPY. So, these results prove the superior electroactivity and capacitance of the
CNF-O/PPY electrode than the CNF/PPY electrode.
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Table 2. Fitting parameter values of electronic elements in the equivalent circuit modeling diagram.

Electrodes Cdl (mF) Rct (Ω) Ro (Ω) W (Ω)

CNF-O/PPY 0.113 0.097 0.336 317
CNF/PPY 0.015 1.419 9.668 7865

4. Conclusions

Well-controlled epoxy and hydroxyl groups containing carbon nanofibers are syn-
thesized as the substrate material, and the conductive polypyrrole is synthesized as the
electroactive material. Polypyrrole is used to modify the activated carbon nanofibers,
forming the well-designed CNF-O/PPY electrode. Theoretical molecular modeling calcu-
lations and experimental measurements are adopted to investigate the oxygen activation
effect of carbon nanofibers interacting with PPY. The response current and electrochemical
capacitance are adopted as the testing indicators for electroactivity evaluation. The CNF un-
dergoes hydrothermal oxidation treatment to form CNF-O. The oxygen activation effect of
carbon nanofibers on their electronic and electrochemical properties is investigated through
the interfacial interaction between CNF-O and PPY. Theoretical molecular modeling calcu-
lations disclose that CNF-O/PPY exhibits a lower electronic bandgap (0.64 eV), a higher
density of states (10.039 states/eV), and a lower HOMO–LUMO molecular orbital energy
gap (0.077 eV) than CNF/PPY (1.56 eV, 7.946 states/eV, 0.112 eV), presenting a superior
electronic conductivity of CNF-O/PPY. The Mulliken population and charge distribution
show that the intensified interfacial interaction is established in CNF-O/PPY rather than
CNF/PPY. The cyclic voltammogram measurement discloses that the specific capacitance
is determined to be 57.6~24.2 mF g−1 for the CNF/PPY electrode and 221.1~112.2 mF g−1

for the CNF-O/PPY electrode at scan rates of 5~200 mV s−1. The electrochemical impen-
dence spectrum discloses that CNF-O/PPY exhibits much lower Rct (0.097 Ω), lower Ro
(0.336 Ω), lower W (317 Ω), and much higher Cdl (0.113 mF) than CNF/PPY (1.419 Ω,
9.668 Ω, 7865 Ω, 0.015 mF). These experimental results are in accordance with the molecular
modeling calculation results. The CNF-O/PPY presents superior interfacial interaction
than CNF/PPY, contributing to higher electronic conductivity properties and higher elec-
trochemical capacitance performance. Both theoretical and experimental investigations
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prove the promotive oxygen activation effect of CNF could improve the electronic and
electrochemical properties of CNF-O/PPY.
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