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a b s t r a c t

Poly(3,4-ethylenedioxythiophene)/manganese oxide coated on porous carbon nanofibers
(P-CNFs/PEDOT/MnO2) is developed as an advanced anode material via the innovative combination
of multiple routes, such as electrospinning, carbonization and electrodeposition. The structural and
morphological characterization of the P-CNFs/PEDOT/MnO2 electrode indicates that crosslinked and
rough surface provides, as a strategic point, enough active sites for Li+ storage. PEDOT nanoparticles
and irregular block shape of MnO2 are randomly oriented on the P-CNFs surface, thus allowing
a possible electron-conducting pathway, increment in catalytic activity as well as a buffer of the
volumetric changes upon cycling. Consequently, the obtained P-CNFs/PEDOT/MnO2 electrode exhibits a
truly promising electrochemical performance, which displays discharge capacity of 1477 mAh/g, better
than that of P-CNFs/PEDOT (1191 mAh/g), P-CNFs/MnO2 (763 mAh/g) and P-CNFs (433 mAh/g), at a
current density of 2 mA/g. In addition, satisfactory electrochemical performances of the as-prepared
P-CNFs/PEDOT/MnO2 electrode after 20 cycles of charge/discharge are detected, with a Coulombic
efficiency higher than 90% and a charge-transfer resistance being relatively smaller (131.91 �) than
that of P-CNFs/PEDOT (232.66 �) and P-CNFs/MnO2(169.17 �) electrodes. Thus, these results indicate
that the P-CNFs/PEDOT/MnO2 electrode could offer a great potential to replace commercial graphite
for lithium-ion batteries.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In the past several decades, the increasing demand for en-
rgy growth has gained widespread attention because of the
ast depletion of fossil fuels and huge demand for an alternative
nd clean energy sources (Carley and Konisky, 2020; Baumann
t al., 2020). To overcome this existing environmental crisis,
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much efforts have been devoted in developing sustainable and
renewable energy storage systems (Xu et al., 2021; Li et al., 2021).
Among the non-conventional energy storage devices, lithium-ion
batteries (LIBs) are playing very important roles in a broad range
of practical applications (Chen et al., 2021; Fantham and Gladwin,
2021; Rowden and Garcia-Araez, 2021), particularly in portable
electronics and electric vehicles (EVs), owing to their high energy
density, high capacities and long cycling life (Jin et al., 2019;
Ouyang et al., 2020; Lee et al., 2019; Hannan et al., 2017; Khoon
et al., 2019). In general, LIBs are composed of anode (negative
electrode), cathode (positive electrode), a separator between the
two electrodes and an electrolyte (Shadike et al., 2021; Hao et al.,
2021; Wang et al., 2020). During charging process, lithium ions
(Li+) are transferred from the cathode to the anode through the
electrolyte and the current flows from anode to cathode. When
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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he battery is discharged, the anode undergoes oxidation, or loss
f electrons, in which Li+ ions are released from anode and
igrate back to cathode. Figure S1 displays the basic mechanism
f a LIB system. As one of the important components of LIBs,
lectrode materials, especially anodes, have continuously been
he research focus as they play a vital role in the electrochemical
erformance (Sun et al., 2020; Chen et al., 2016). A rationally
esigned anode electrode could exhibit fascinating advantages;
t provides additional active sites for Li+ storage, possesses an
xcellent electronic/ionic conductivity with shortened pathways
or fast Li+ diffusion and electron transport (Liang et al., 2016). To
ate, carbonaceous materials (including graphite (Zhu and Ding,
019), graphene (Zhang et al., 2019b), carbon nanotubes (CNTs)
Bai et al., 2019) and carbon nanofibers (CNFs) (Wang et al.,
015) have been reported to show an excellent electrochemical
erformance. Among them, three-dimensional (3D) networks of
NFs have been considered as promising anode materials due to
heir high specific surface area (SSA), (Zhou et al., 2016; Zain-
odin et al., 2014) good electrical conductivity, providing high
ithiation capability and remarkable cycling stability (Song et al.,
015). Electrospinning technique can be considered as a facile
ethod for processing viscous polymer solutions into consecutive
ne-dimensional (1D) nanofibers, as well offering many opportu-
ities to tailor the fiber morphology, chemical composition and
unctionality. The nonwoven fibers obtained from the electrospin-
ing was used to produce CNFs via stabilization and subsequent
arbonization processes. However, the poor specific capacity of
ndividual CNFs remains the major bottleneck that prohibits prac-
ical application. Therefore, the incorporation of transition metal
xides (TMOs, MxOy with M = Ru, Co, Mn, V, Fe, Zn, etc.) with

CNFs is an ideal solution to overcome the above-mentioned prob-
lem. Among various TMOs, manganese oxide (MnO2) is one of the
ost widely studied in view of its good prospect for potential
pplications, such as an abundance of Mn source, high theoretical
apacity (756 mAh/g), low operating voltage (0.5 V and 1.2 V vs.
Li+/Li), low-cost, non-toxicity and environmentally benignity (Lin
et al., 2020). Nevertheless, MnO2 often suffers from unsatisfac-
ory specific capacity caused by its intrinsically poor electronic
onductivity (10−8 to 10−6 S/cm) (Zheng et al., 2017), which
could obstruct its practical applications. Alternatively, many at-
tempts are made by introducing highly conducting polymers
(CPs) such as poly(aniline) (PANI) (Hui et al., 2017), poly(3,4-
ethylenedioxythiophene) (PEDOT) (Yan et al., 2017; Zhao et al.,
2014), poly(pyrrole) (PPy) (Jin et al., 2020) and poly(thiophene)
(PT) (Xu et al., 2017) to reinforce the inferior electrical con-
ductivity of MnO2. PEDOT has been a research hot-topic as a
potential LIB anode material owing to its fast and reversible
charge storage mechanism, superior electrical conductivity (300–
500 S/cm), good thermal and electrochemical stabilities with low
environmental pollution (Jung and Lee, 2011). For example, Liu
et al. successfully prepared a LiNi1/3Co1/3Mn1/3O2/PEDOT through

simple carbonate co-precipitation and subsequent annealing
pproach (Liu et al., 2013), which revealed an improved specific
apacity from 41.8 mAh/g to 73.9 mAh/g at current density of
.5 A/g. Huang et al. designed a nickel oxide/PEDOT (NiO/PEDOT)
ilm via two facile methods (H. Huang et al., 2010), i.e. chemical
ath deposition followed by electrodeposition methods. By using
iO/PEDOT as anode, it showed an initial discharge capacity of
bout 1000 mAh/g, which was much greater than that of the
are NiO (600 mAh/g) at 2C. The enhancement of electrochemical
roperties of NiO/PEDOT film was attributed to the inclusion
f PEDOT layer that provided stabilized pathways for transport-
ng electrons and Li+ among the NiO nanoflakes. However, it is
nown that pure PEDOT exhibits some inevitable shortcomings,
ike a severe degradation of the capacity and poor rate perfor-
ance due to its structural deterioration (swelling/shrinkage)
uring repeated charge and discharge processes.
8678
Herein, we present an architecture of porous
NFs/PEDOT/MnO2 (P-CNFs/PEDOT/MnO2) through electrospin-
ing and carbonization assisted with electrodeposition technique.
enefiting from the unique architecture and the synergistic effect
etween the multiple components (3D porous CNFs providing
ore electrochemically active sites for ion migration/electron

ransfer and facilitating the formation of stable solid electrolyte
nterphase – SEI – film, PEDOT boosting the electronic conduc-
ivity and MnO2 exhibiting high theoretical specific capacity as
ell alleviating the mechanical degradation during cycling), the
-CNFs/PEDOT/MnO2 electrode is expected to exhibit remarkably
nhanced Li-storage capabilities in terms of cycling stability,
pecific capacity and rate capability for advanced LIBs.

. Experimental

.1. Materials

Poly(acrylonitrile) (PAN, Mw = 150,000), poly
tetrafluoroethylene) (PTFE), 3,4-ethylenedioxythiophene (EDOT),
i metal, Li hexafluorophosphate (LiPF6), Li perchlorate (LiClO4),
n(II) sulfate monohydrate (MnSO4·H2O, ≥99.0% purity) and
ilver (Ag) wire (diameter 0.5 mm) were purchased from Sigma-
ldrich and used as received. N,N-dimethylformamide (DMF),
cetonitrile, sulfuric acid (H2SO4, 95% purity) and poly(vinylidene
luoride) (PVDF) were purchased from Merck, Systerm, Fisher
cientific and Solvay, respectively. Carbon additive (Super P) and
u foils were obtained from KGC Resources Sdn. Bhd. Deionized
DI) water was used throughout all experiments (resistivity: 18.2
� cm).

.2. Fabrication of P-CNFs/PEDOT/MnO2 as anode

Typically, 10 wt% PAN and PTFE were dissolved in DMF sol-
ent under vigorous stirring at room temperature for 24 h. The
ptimized composition of PAN to PTFE has been reported in our
revious publication (Mohd Abdah et al., 2019). A homogeneous
AN/PTFE solution was used as the precursor for the subsequent
lectrospinning. The electrospun solution was then loaded into
5 mL plastic syringe using an 18-gauge blunt needle and con-
ected to a high voltage power supply. The electrospinning was
erformed from the tip to the collector distance of 15 cm with an
pplied voltage of 15 kV and a feeding rate of 1 mL/h. The as-spun
AN/PTFE nanofibers were stabilized in oxidative atmosphere at
80 ◦C at a heating rate of 1 ◦C/min, and further carbonized at
00 ◦C under nitrogen (N2) at a heating rate of 5 ◦C/min, forming

P-CNFs. A non-aqueous EDOT solution was prepared by dissolving
10 mM EDOT monomer (10% v/(v) and 0.1 LiClO4 in acetonitrile.
The electropolymerization of EDOT monomer was carried out on
P-CNFs via chronoamperometry at a deposition potential of 1.1 V
for 15 min. Finally, MnO2 was electrodeposited potentiostatically
using a similar technique on P-CNFs/PEDOT (0.8 V, 15 min) from a
solution consisting of 0.05 MnSO4·H2O (50% v/(v) in DI water. The
preparation of P-CNFs/PEDOT/MnO2 hybrid composite (including
electrodeposition of PEDOT and MnO2) were all carried out using
a three-electrode system. Fig. 1 displays the schematic illustration
of P-CNFs/PEDOT/MnO2 fabrication process.

For slurry preparation, P-CNFs/PEDOT/MnO2, Super P and PVDF
in DMF were mixed keeping a weight ratio of 85:5:10. Then, the
prepared slurry was coated onto a Cu foil and dried at 80 ◦C
for 6 h in a normal oven. A circular electrode disk (diame-
ter: 13 mm, area: 1.6 cm2) was punched and further heated at
120 ◦C in vacuum oven for several hours. The mass loading of
P-CNFs/PEDOT/MnO electrode was 2.92 mg/cm2.
2
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Fig. 1. Schematic illustration of the synthetic process of P-CNFs/PEDOT/MnO2 hybrid composite.
.3. Characterizations

The surface morphology and elemental composition of as-
repared electrodes were observed by field emission scanning
lectron microscope (FESEM) with energy dispersive spectroscopy
EDX) (Merlin Compact). X-ray diffraction (XRD) patterns of the
lectrodes were recorded by a Bruker D8-Advance using Cu Kα

s the X-rays source (λ = 1.54 Å). Raman spectra were examined
sing a DXR 2xi Raman Imaging Microscope with a 532 nm
aser. The electrode surface species and their chemical states
ere studied via X-ray photoelectron spectroscopy (XPS XSAMHS
ratos Analytical) analysis. Brunauer–Emmett–Teller (BET, Mi-
romeritics Tristar II plus) was used to analyze the SSA, pore
olume and the pore size distribution (PSA) at 77 K. The surface
opography, mechanical and electronic properties of the samples
ere studied using atomic force microscopy (AFM, Park Systems
X-10) under the tapping mode at room temperature.
The electrochemical measurements were carried out on CR

032 type coin cells. The coin cells were assembled in an ar-
on Ar-filled glove box (moisture and – O2 – levels lower than
.0 ppm). Celgard 2400 membrane was used as a separator and
he electrolyte was prepared by dissolving 1 mol/L of LiPF6 in
thylene carbonate (EC) and dimethyl carbonate (DMC) (volume
atio 1:1) with Li metal as the counter and reference electrode.
he assembled cells were put in rest for 12 h before electro-
hemical measurements were taken. Charge and discharge char-
cteristics were galvanostatically tested between 0.01–2 V for vs.
i+/Li at ambient temperature using a Neware Battery Testing
ystem. Cyclic voltammetry (CV, at 0.1 mV/s) and electrochemical
mpedance spectroscopy (EIS, with frequency varied from 1 MHz
o 0.01 Hz at a potential amplitude of 5 mV) were performed
sing an electrochemical workstation (Versastat4, Princeton).
Overall, main characterization techniques adopted in currently

nvestigated energy materials are adopted when not specified
ifferently (Liao et al., 2019; Li et al., 2019; Ogawa and Mori,
019; Augustine et al., 2019; Liu et al., 2019b; Lehmann et al.,
019; Zhang et al., 2019a; Kumar et al., 2019; Choudhury et al.,
019; Galluzzo et al., 2019).
8679
3. Results and discussion

3.1. Characterization of P-CNFs/PEDOT/MnO2 electrodes

Surface morphology of as-prepared P-CNFs, P-CNFs/MnO2, P-
CNFs/PEDOT and P-CNFs/PEDOT/MnO2 electrodes were examined
through FESEM analysis, as shown in Fig. 2. All samples (Fig. 2a–
d) show a 3D interconnected network of CNFs. According to
Wu et al., this interconnected network of CNFs was expected to
shorten the diffusion length of Li+ and enhance the rapid transfer
of electrons during charge/discharge (Ao et al., 2020). The inset
of Fig. 2a shows the FESEM image of bare P-CNFs, which display
a rough and groove surface resulting from the decomposition
of the sacrificial polymer, i.e. PTFE, during carbonization (Tran
and Kalra, 2013; Hu et al., 2020; Ju et al., 2017) with an aver-
age diameter of 471 ± 90 nm. After bare P-CNFs were mixed
with PVDF and Super P to prepare the electrode (Fig. 2a), it can
be seen that fractured CNFs surfaces were observed, whereas
the nodular morphology of PVDF binder and the spherical-like
nanoparticles of Super P were randomly distributed and filled the
void space between the fractured P-CNFs. Interestingly, some of
the carbon nanospheres are aggregated to form a 3D sponge-like
architecture, which is beneficial to facilitate the migration of Li+
between the active material and electrolyte as well relieves the
volume expansion/shrinkage of PEDOT during repeated charge–
discharge cycles (Gao et al., 2011). The inset of FESEM image
of P-CNFs/PEDOT (Fig. 2c) shows that there are plenty of small
grains with a size of ≈22 nm anchored to the surface of the
nanofibers, which indicates the presence of PEDOT nanoparticles
which could overcome the electrode pulverization. However, it
can be seen that the irregular block shape of MnO2 was observed
in FESEM image of P-CNFs/PEDOT/MnO2 electrode (Fig. 2d) and
the distinguished void spaces could greatly improve the elec-
trochemical Li storage of batteries. In addition, Fig. 2e displays
the typical EDX spectrum of P-CNFs/PEDOT/MnO2 electrode with
obvious C, S, O, F and Mn peaks. EDX elemental mapping (Fig. 2f)
further verified the coexistence of C, S, O, F and Mn elements
within the P-CNFs/PEDOT/MnO2 electrode.

The surface topography with different roughness of P-CNFs, P-
CNFs/MnO , P-CNFs/PEDOT and P-CNFs/PEDOT/MnO electrodes
2 2
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Fig. 2. FESEM images of (a) P-CNFs, (b) P-CNFs/MnO2 , (c) P-CNFs/PEDOT and (d) P-CNFs/PEDOT/MnO2 electrodes. The insets of (a) and (b) represent the high
agnification of P-CNFs composite and P-CNFs/PEDOT electrode. (e) EDX spectrum and (f) corresponding elemental mapping images of P-CNFs/PEDOT/MnO2 electrode.
as examined via AFM analysis, as shown in Fig. 3. Table 1 indi-
ates that P-CNFs electrode (Fig. 3a) has a smoother surface when
ompared with other electrodes, as revealed by the root mean
quare (RMS) roughness of 0.014 nm. However, it was found
hat the RMS surface roughness of P-CNFs/PEDOT/MnO2 electrode
Fig. 3d) slightly increased to 0.987 nm, due to the irregular block
hape of MnO2 that randomly embedded on the surface of P-
NFs, in agreement with the FESEM image. In addition, based on
RD analysis, the formation crystal planes of tetragonal MnO2
JCPDS 44–0141) in P-CNFs/MnO2 and P-CNFs/PEDOT/MnO2 elec-
rodes proved to increase the surface roughness. According to
u et al., a high RMS is beneficial to induce better interface
ontact between electrode material and current collector, that can
fficiently minimize diffusion paths for the insertion/extraction
f Li+, leading to enhanced electrochemical performance (Xu
8680
et al., 2019). The rheology-related properties of the as-prepared
electrodes was further tested using contact mode cantilevers and
the Hertz model was used to interpret force–distance (F–d) curve
to calculate Young’s modulus (E). P-CNFs/PEDOT/MnO2 electrode
exhibited a remarkable mechanical strength (E = 1.97 kPa),
better than P-CNFs (1.71 kPa), P-CNFs/PEDOT (1.18 kPa) and
P-CNFs/MnO2 (0.99 kPa), validating its good load-bearing capa-
bility. Moreover, the conductance (G, S) values of the individual
electrodes were measured via conductive-probe AFM (CP-AFM)
and the surface conductivity (κ , S/cm) was further calculated
according to the following equation (Lee et al., 2010):

κ =
G · L

A
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Fig. 3. AFM with topographic heights of (a) P-CNFs, (b) P-CNFs/MnO2 , (c) P-CNFs/PEDOT and (d) P-CNFs/PEDOT/MnO2 electrodes.
able 1
MS roughness, E and κ values of P-CNFs, P-CNFs/MnO2 , P-CNFs/PEDOT and
-CNFs/PEDOT/MnO2 electrodes, obtained from AFM results.
Electrode RMS (nm) E (kPa) κ (S/cm)

P-CNFs 0.014 1.71 5.14 ·10−14

P-CNFs/MnO2 1.022 0.99 4.23 ·10−15

P-CNFs/PEDOT 0.447 1.18 2.27 ·10−15

P-CNFs/PEDOT/MnO2 0.987 1.97 1.63 ·10−9

where L and A represent the thickness (cm) and cross-sectional
area (cm2) of the electrode, respectively. It should be noted that
the synergistic cooperation between hybrid materials can obvi-
ously improve the κ of P-CNFs/PEDOT/MnO2 electrode (1.63·10−9

/cm), thus contributed to high capacity and rapid electrochemi-
al kinetics properties.
The respective BET surface areas and PSA of P-CNFs,

-CNFs/MnO2, P-CNFs/PEDOT and P-CNFs/PEDOT/MnO2 compos-
tes were examined via N2 adsorption–desorption analysis, as dis-
played in Fig. 4a. All composites exhibited type IV isotherm, with
a hysteresis loop in the p/p0 range of 0.8–1.0, which implied the
existence of a mesoporous structure (2–50 nm) (Yao et al., 2020).
Based on the BET model, the SSA and the pore volume values for
P-CNFs/PEDOT/MnO2 were only 13.74 m2/g and 0.026 cm3/g, re-
pectively, in comparison with P-CNFs (260.08 m2/g and
.199 cm3/g), P-CNFs/MnO2 (114.12 m2/g and 0.096 cm3/g) and

P-CNFs/PEDOT (14.89 m2/g and 0.033 cm3/g). This phenomenon
an be explained based on the inset in Fig. 4a, where the surface
f P-CNFs was mostly covered with dense morphologies of PEDOT
nd MnO2 nanoparticles, which may block the existing Li+ host

sites. Interestingly, the PSA of P-CNFs/PEDOT/MnO was centered
2

8681
at 7.61 nm, which confirmed that the electrode was mainly com-
posed of a mesoporous structure. The existence of numerous of
mesopores can not only shorten the diffusion length for both Li+
and electrons, but also act as a buffer medium to accommodate
the volume change during cycling (Li et al., 2020a).

Raman spectroscopy studies of the P-CNFs, P-CNFs/MnO2, P-
CNFs/PEDOT and P-CNFs/PEDOT/MnO2 composites were carried
out and the results are displayed in Fig. 4b. Two primary peaks
located at 1340 cm−1 and 1585 cm−1 were identified in all spec-
tra, corresponding to D (the disordered structure of C material)
and G bands (the graphitized C) (Tao et al., 2019). Intensity ratio
of D and G bands (ID/IG) was employed to determine the degree
of graphitization in carbonaceous material (Chen et al., 2017).
ID/IGwas calculated to be 0.96 (P-CNFs), 1.01 (P-CNFs/PEDOT),
0.92 (P-CNFs/MnO2) and 0.99 (P-CNFs/PEDOT/MnO2), respectively.
A relatively high ID/IG value indicates low crystalline nature
of C component in the composite, which provides an effective
diffusion pathway for Li+ with additional Li-storage sites (Samuel
et al., 2017; Liu et al., 2014). These results are consistent with the
XRD results which will be discussed later.

XRD patterns shown in Fig. 4c were measured to evaluate
the crystallinity of the prepared samples. In P-CNFs spectrum, a
broad peak emerged at 2θ = 25◦, representing the (002) plane
of graphite-like layers in the fibers (Yahya et al., 2019). The XRD
pattern of PEDOT showed a diffraction peak at 2θ = 24◦ (020),
indicating its typical amorphous structure and π-π interaction
of thiophene rings along the polymer backbone. However, the
characteristic peak of PEDOT was not easy to be distinguished
in the P-CNFs/PEDOT spectrum, due to the overlap with typi-
cal CNFs peak. Moreover, other peaks marked with ♦ symbol
[2θ = 21.7◦ (110), 25.0◦ (220), 29.2◦ (310), 35.3◦ (130), 40.4◦
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Fig. 4. (a) N2 adsorption and desorption isotherm curves for (a) P-CNFs,
P-CNFs/MnO2 , P-CNFs/PEDOT and P-CNFs/PEDOT/MnO2 composites. Inset: high-
magnification FESEM image of P-CNFs/PEDOT/MnO2 composite. (b) Raman
spectra of the as-obtained P-CNFs, P-CNFs/MnO2 , P-CNFs/PEDOT and P-
CNFs/PEDOT/MnO2 composites. (c) XRD patterns of P-CNFs, P-CNFs/MnO2 ,
P-CNFs/PEDOT and P-CNFs/PEDOT/MnO2 electrodes.
t
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(210), 57.1◦ (240)] in PCNFs/MnO2 spectrum were indexed to
the crystallographic planes of MnO2 with tetragonal phase (JCPDS
44–0141). Notably, all diffraction peaks representing PCNFs, PE-
DOT and MnO2 were clearly observed in the diffractogram of
PCNFs/PEDOT/MnO2.

Chemical compositions and the oxidation states of P-CNFs/
PEDOT/MnO2 were examined by XPS analysis, as shown in Fig. 5.
The full-survey XPS spectrum in Fig. 5a indicates the coexistence
of C, Mn, O and S elements, matching well with the elemental
mapping analysis. In Fig. 5b, the C1s XPS spectrum can be de-
convoluted into peaks located at 283.6, 284.4, 285.4 and 288.3
eV, which correspond to C==C, C–C, C–O–C and C==O (Xie et al.,
2019), respectively. In addition, the high-resolution Mn2p spec-
trum (Fig. 5c) exhibits two characteristic peaks at 641.3 (Mn2p3/2)
nd 653.5 eV (Mn2p3/2), with a spin–orbit level energy spacing
f 11.8 eV, which reveals the presence of Mn4+ valence state (Zhi
t al., 2016). The O1s core level spectrum (Fig. 5d) displays three
eaks with binding energy at 530.0 eV, 530.9 eV and 531.7 eV,
orresponding to Mn−O−Mn, C−O−C (Liu et al., 2017) and C==O
unctional groups (Liu et al., 2019a), respectively. As for the S2p
pectrum (Fig. 5e), two prominent peaks located at 163.5 and
68.7 eV were attributed to the positively charged S within the
hiophene ring of PEDOT structure (Du et al., 2018).

.2. Electrochemical performance of P-CNFs/PEDOT/MnO2 electrodes
nd Li-ion cells

Before assembly CR2032 coin type half-cells (Fig. 6a) to study
he performance of the newly developed electrodes, fundamen-
al electrochemical studies were carried out. The CV curves of
-CNFs/PEDOT/MnO2 electrode during the first five cycles are
hown in Fig. 6b, with data collected in the potential range
etween 0.1 and 3.0 V vs. Li+/Li, at a scan rate of 0.1 mV/s.
n the first cathodic scanning process, three reduction peaks
ppeared at 0.3, 1.0 and 1.5 V (vs. Li+/Li), corresponding to Li+
ntercalation in P-CNFs (C6 + Li+ + e−

→ LiC6), accompanied
ith the reduction of Mn4+ into Mn2+(MnO2 + 2Li+ + 2e−

→

nO + Li2O), the creation of SEI film (Yang et al., 2020) and
he intercalation of Li+ within PEDOT structure. The formation
f unstable SEI film could be a concrete reason for the large first
ycle irreversible capacity upon charging–discharging (Liu et al.,
015; Di et al., 2021; Hao et al., 2020). In addition, the main
eduction peak of PEDOT slightly shifted from 1.3 V to 1.5 V. This
as probably related to the activation of electrode and interaction
etween outermost PEDOT nanoparticles and P-CNFs layer. On
he inverse process, the de-lithiation processes of both LiC6 (Yan
t al., 2021) and Mn oxide are observed at the oxidation peak
round 1.2 V (vs. Li+/Li), while another oxidation peak at 2.2 V (vs.
i+/Li) was related to de-lithiation process of PEDOT; these sig-
als nearly overlapped in subsequent cycles. Except for the first
ycle, it is observed the shapes of the CV curves were maintained
n the following (2nd- 5th) cycles, suggesting an excellent elec-
rochemical reversibility of P-CNFs/PEDOT/MnO2 electrode with
table Li+ insertion/extraction mechanisms (Ma et al., 2020; Yan
t al., 2020). Fig. 6c depicts the voltage–capacity curves of the
-CNFs, P-CNFs/MnO2, P-CNFs/PEDOT and P-CNFs/PEDOT/MnO2
lectrodes at a current density of 2.0 mA/g. As illustrated, P-
NFs/PEDOT/MnO2 displays the highest discharge and charge
pecific capacities of 1477 mAh/g and 698 mAh/g, respectively, in
he initial cycle, which was comparable with the theoretical value
≈1792 mAh/g). A significant improvement in Li storage perfor-
ance of P-CNFs/PEDOT/MnO2 electrode was mainly ascribed to

he synergistic cooperation all of its individual constituents in
hich P-CNFs offered abundant of active sites for Li+ insertion,
EDOT enhanced the electronic conductivity of the electrode ma-

erial and MnO2 could ideally possess a high theoretical capacity.



M.A.A.M. Abdah, M. Mokhtar, L.T. Khoon et al. Energy Reports 7 (2021) 8677–8687

M
t

Fig. 5. (a) XPS wide-spectra curve; high-resolution XPS spectra of (b) C1s, (c) Mn2p, (d) O1s and (e) S2p of P-CNFs/PEDOT/MnO2 composite.
oreover, according to Zhang et al., the inclusion of conduc-
ive PEDOT coated on zinc ferrite (ZnFe2O4-PEDOT) via in situ
polymerization displayed a greatly enhanced discharge capacity
of 1087 mAh/g in comparison with pure ZnFe2O4 (710 mAh/g)
at a current density of 1.0 A/g (Zhang et al., 2020). The result
proved that PEDOT nanoparticles played a crucial role in increas-
ing the conductivity as well as improving the transmission rate
of electrons and ions. However, the initial irreversible capacity
loss could be attributed to the generation of the SEI layer (Li
et al., 2020b; Lu et al., 2020) and the formation of lithium oxide
(Li2O) since it continuously consumed Li during discharge pro-
cess. Fig. 6d represents the cycling performance of all four sam-
ples at 0.2 mA/g for 20 cycles. Despite the highest initial discharge
capacity, P-CNFs/PEDOT/MnO2 electrode showed a severe capac-
ity decay from 1477 mAh/g to 204 mAh/g (capacity retention of
13.8%, see Figure S2) after 20 repetitive cycling, which could be
attributed to one of the following reasons. First, the formation of
inevitable and fractured SEI film with partial decomposition of
electrolyte can significantly restrict the Li+ and electron trans-
portation (Wang et al., 2015). Second, the tendency of PEDOT
nanostructure to undergo rapid fracture and pulverization due
to large volume variation (expansion/shrinkage) upon cycling
reduces the intimate contact between the electrode constituents.
Although preliminary work of half-cell P-CNFs/PEDOT/MnO2 elec-
trode underwent rapid capacity decay over the cycles, the dis-
charge capacity of P-CNFs/PEDOT/MnO2 was still above the the-
oretical capacity of graphite (≈372 mAh/g) until 8th cycle of
charge/discharge and stable in the following cycles. This provides
an interesting insight to be a potential replacement or additives
for the existing commercialized carbon-based LIBs anodes. In-
terestingly, the Coulombic efficiencies of all samples (Fig. 6e)
exceeded 90% after the initial cycle and remained constant in
the subsequent cycles, thus further clarifying their excellent elec-
trochemical reversibility. It was noted that all samples exhibited
low Coulombic efficiency only in the first cycle, which could
be attributed to the formation of unstable SEI layer and elec-
trode pulverization during charge/discharge cycling (Wan and Hu,
2019). To be noted, the formation process setting in this study is
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not separated during the charge/discharge analysis. In addition,
the parallel work on charge/discharge at high current density (15
mA/g) for P-CNFs/PEDOT/MnO2 electrode is represented in Figure
S3. It is noteworthy that the first discharge capacity of half-cell
P-CNFs/PEDOT/MnO2 was 501 mAh/g. Although the capacity of P-
CNFs/PEDOT/MnO2 at the current density of 15 mA/g was lower
than 2 mA/g, the sample showed an improved capacity retention
of about 62.8%, while the Coulombic efficiency was maintained
between 90 and 100% over 20 cycles. To further examine the elec-
trochemical properties of the assembled electrodes, EIS analysis
was carried out before cycling and after cycling, as displayed in
Fig. 6f–g. As shown in Fig. 6f, all curves are composed of a semicir-
cle at high frequency region, the intercept value of the horizontal
axis and an inclined line at low frequency region which corre-
sponded to charge transfer resistance (Rct), electrolyte resistance
(Re) and Warburg diffusion (W ) of Li+ within the electrode, re-
spectively. A simulated equivalent circuit model (inset of Fig. 6g)
displayed two parallel resistance-capacitor (RC) circuits, Re and W
elements in series. In this model, R2//CPE2 (where CPE = constant
phase element) represents Rct resulting from the diffusion of ions
at the electrolyte/electrode interface and non-ideal double layer
capacitance. Meanwhile, for the second semicircle, R1//CPE1 refers
to the contact resistance and CPE of SEI layer. The obtained Rct
values (Table 2) for P-CNFs, P-CNFs/MnO2, P-CNFs/PEDOT and P-
CNFs/PEDOT/MnO2 before cycling were 24.16, 41.83, 24.40 and
24.50 �, respectively. Higher Rct obtained from P-CNFs/MnO2
electrode could be attributed to the poor electrical conductivity
of MnO2 and the formation of unstable SEI film on the electrode
surface (Cheng et al., 2020). However, the inclusion of conductive
PEDOT significantly enhanced the electron transport and intrinsic
conductivity of P-CNFs/PEDOT/MnO2, which facilitated Li+ dif-
fusion throughout the cycling process. The Nyquist plots of all
electrode samples after 20 charge/discharge cycles are shown in
Fig. 6g. From the Nyquist plots, it can be seen that P-CNFs/PEDOT
electrode exhibited the highest Rct value of 232.66 �, compared
to P-CNFs/MnO2(169.17 �), P-CNFs/PEDOT/MnO2(131.91 �) and
P-CNFs (52.14 �). This could be attributed to the structural de-
struction caused by the repetitive swelling and shrinkage behav-
ior of PEDOT during cycling, hence leading to severe capacity
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Fig. 6. (a) Schematic representation of CR2032 coin type half-cell assembly. (b) CV curves of the assembled P-CNFs/PEDOT/MnO2/Li half-cell at a scanning rate of
0.1 mV/s. (c) First galvanostatic charge/discharge, (d) cycling performance and (e) Coulombic efficiency of all prepared electrodes at a current density of 2.0 mA/g.
Nyquist plots of P-CNFs, P-CNFs/MnO2 , P-CNFs/PEDOT and P-CNFs/PEDOT/MnO2 electrodes recorded from 1.0 MHz to 0.01 Hz (f) before and (g) after charge and
ischarge cycles. The inset of panel (f) indicates the equivalent circuit used for fitting the experimental data.
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ecay and inferior cyclability. In contrast with P-CNFs electrode,
hich shows a slight increase in Re and Rct values, it may be due

to the unique 3D network of P-CNFs, which could not only en-
hance the electron conductivity, but also maintain the structural
stability during repeated discharge and charge process.

In addition, as shown in Table 2, P-CNFs/PEDOT/MnO2 elec-
trode exhibited the lowest W and relaxation time (τ ) after 20
ycles of charge/discharge. This proved that the inclusion of PE-
OT in P-CNFs/MnO2 system could reduce Li+ diffusion length
Chong et al., 2019) and accelerate the migration of Li+ through
he SEI film on the surface of active material.

These results are really intriguing if the future integration with
nergy conversion devices and the exploitation in post-lithium
atteries are considered (Lavagna et al., 2021; Rahman et al.,
021; Amici et al., 2021; Bella et al., 2021; Baiano et al., 2020;
assaro et al., 2020).

. Conclusion

In summary, this research demonstrates a novel develop-
ent of P-CNFs/PEDOT/MnO2 anode for LIBs using an intrigu-

ng combination of electrospinning, carbonization and subse-
uent electrodeposition techniques. The surface morphology and
 o
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physicochemical properties of as-prepared samples are exam-
ined by FESEM, Raman spectroscopy, AFM, BET, XRD and XPS
analysis. The unique architecture of P-CNFs/PEDOT/MnO2 elec-
trode endows an outstanding capability for LIBs by displaying
a discharge specific capacity of 1477 mAh/g, higher than P-
CNFs/PEDOT (1191 mAh/g), P-CNFs/MnO2 (763 mAh/g) and P-
CNFs (433 mAh/g) at a current density 2.0 mA/g. Although the
capacity of P-CNFs/PEDOT/MnO2 electrode was gradually de-
creased in the continuous cycles, the Coulombic efficiency was
enhanced above than 90% after the initial cycle, interestingly and
reproducibly showing its electrochemical reversibility. Moreover,
after 20 cycles of charge/discharge, P-CNFs/PEDOT/MnO2 elec-
rode showed a slightly increment of Rct (from 24.50 to 131.91
), a value lower than that of P-CNFs/PEDOT (232.66 �) and
-CNFs/MnO2 (169.17 �). The favorable electrochemical perfor-
ance of P-CNFs/PEDOT/MnO2 can be ascribed to the synergis-

ic effect between P-CNFs, PEDOT and MnO2, which promoted
ore active sites for electrochemical reactions. This improved

he electrical conductivity and prevented the volume variation
pon charge/discharge process, respectively. Hence, with further
mprovement P-CNFs/PEDOT/MnO2 and together with the advan-
ages of simple, low-cost fabrication and promising performance
f P-CNFs/PEDOT/MnO , this new material could be a potential
2
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Table 2
The impedance parameters of P-CNFs, P-CNFs/MnO2 , P-CNFs/PEDOT and P-CNFs/PEDOT/MnO2 electrodes before and after cycling.
Electrode Before cycling After cycling

Rs (�) Rct (�) τ (s) W (S s1/2) Rs (�) Rct (�) τ (s) W (S s1/2)

P-CNFs 2.99 24.16 3.32 × 10−5 0.0171 19.62 52.14 0.0012 0.0545
P-CNFs/MnO2 5.09 41.83 0.0013 5.56 × 106 27.39 169.17 0.0013 1.52 × 106

P-CNFs/PEDOT 8.70 24.40 0.0012 7.52 × 105 167.51 232.66 0.0004 2.61 × 106

P-CNFs/PEDOT/MnO2 7.06 24.50 0.0025 0.05154 35.52 131.91 3.32 × 10−5 0.0491
B

B

B

C

C

C

C

C

C

C

D

D
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G

G

H

H

H

H

replacement or additive for the existing high-performance anode
materials for LIB application.
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