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Nickel–cobalt–manganese oxides (NCMs) are widely investigated as cathode materials for
lithium-ion batteries (LIBs) given their beneficial synergistic effects of high storability,
electrical conductivity, and stability. However, their use as an anode for LIBs has not
been adequately addressed. NCM nanofibers prepared using the multi-needle
electrospinning technique are examined as the anode in LIBs. The NCM nanofibers
demonstrated an initial discharge capacity of ~1,075mAh g−1 with an initial capacity
loss of ~42%. Through controlling the conductive additive content, the initial discharge
capacity can be further improved to ~1810 mAh g−1, mostly attributing to the improved
interfiber connectivity supported by the significant lowering of impedance when the
amount of conductive additive is increased. This study also reveals that the
conventional ratio of 80:10:10 wt% (active materials:additives:binder) is not optimal for
all samples, especially for the high active surface area electrospun nanofibers.

Keywords: secondary batteries, rechargeable, quaternary metal oxide, composite, vapor grown carbon fiber
(VGCF), super P, conductive additives

INTRODUCTION

Ever since its discovery in the beginning of 1980s, rechargeable lithium-ion battery (LIB) attracted
tremendous attention as one of the crucial elements to the decarbonized energy sector for a
sustainable society (Mizushima et al., 1980; Goodenough, 2018). Following its commercialization by
Sony, efforts are mostly focused on developing cathode materials with improved electrochemical
properties, such as nickel–lithium-rich nickel–cobalt–manganese oxide (NCM) and
nickel–cobalt–aluminum oxide (NCA) (Song et al., 2020; Wang et al., 2020; Xu et al., 2020)
(Tolouei et al., 2019; Zhang et al., 2019; Guanjie Li et al., 2020) as well as high potential spinel
LiMn1.5Mn0.5O4 and olivine LiMPO4 (where M = Co, Ni, Mn) (Chemelewski et al., 2013; Liang et al.,
2020; Ling et al., 2021a) materials. Recently, demand to deploy LIBs in long-mileage electric vehicles
as well as smart energy grid applications urged the enhancement of their energy density. With
development of cathode materials for the lithium-ion battery showing sign of saturation, especially
nickel-rich layered materials, the next measure would be to develop the anode with improved
electrochemical performance.

The past decade has witnessed significant amount of work in developing conversion- and
alloying-type anodes, with the latter capable of delivering 2,500–3000 mAh g-1 compared to
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300–350 mAh·g-1 of the conventional graphite anode (Casimir
et al.2016; Zhang et al.2020). However, alloying-type anodes
suffered from extreme volume changes during lithiation/
delithiation (300–400 vol.%), resulting in poor cycling stability
(Zuo et al.2017; Yang et al.2020). Fortunately, improvement in
cycling stability was demonstrated through compositing with
graphite or rGO (Yim et al.2013; He et al.2021), with the
carbonaceous materials buffering the volume expansion during
lithiation and enhancing the mechanical integrity (Moon
et al.2021). Similar techniques were also reported in numerous
occasions, demonstrating improved electrochemical properties of
wide variety of anode materials—hinting its crucial role in high
energy density LIBs. We have previously reported synergistic
behavior in the SnO2–TiO2 composite nanofibers anode,
demonstrating the benefits of adopting composite materials as
well as the importance of tuning the chemical composition to
draw maximum electrochemical performance from the
composite material (Ling et al. 2021 Ling et al.2021b).
Compositing SnO2–CuO materials also demonstrated
synergistic effect of improved electronic conductivity from
SnO2 as well as higher redox potential from CuO (JinKiong
and Jose 2021). Similar observation can also be made on binary,
ternary, or even quaternary composite metal oxides, which are
thoroughly reviewed in previous publications (Cao et al.2017;
Fang et al.2020). In fact, such synergistic behavior is widely
adopted in the NCM cathode material also, with nickel and
cobalt improving the capacity and electrical conductivity of
the material, respectively, whereas manganese functions as the
pillar to stabilize the crystal structure during the lithiation/
delithiation process (Musuvadhi Babulal et al.2021; Seenivasan
et al.2021; Wu et al.2021). Surprisingly, despite having attractive
synergistic properties, NCM has not been extensively studied as
the anode materials for LIBs. To the best of our knowledge, the
usefulness of NCM as the anode of LIB is published only once by
Solmaz et al., demonstrating a gravimetric discharge capacity of
968 mAh g−1 at 100 mAh g−1 (Solmaz et al.2020). However,
Solmaz et al. focused on the effect of the hydrothermal
parameter on the structural and electrochemical performance
of the NCM anode, without further dwelling into correlating the
structure properties of these materials with its electrochemical
performance.

We synthesized nickel–manganese–cobalt oxide nanofibers
(nfs-NCM) using the large-scale multi-needle electrospinning
technique and studied its electrochemical performance as
anodes for LIBs. Nanofiber morphology was chosen in this
study, considering its anisotropic charge transport properties
and higher surface area, which are the two crucial factors for
achieving anode material with high specific capacity (Fan et al.,
2017; Cong et al., 2021). The electrochemical properties of the nf-
NCM were investigated through fabricating a CR2032 half-cell
with lithium metal as the counter and reference electrode.
Through comparing the cathodic and anodic peak with the
crystal structure of the nf-NCM, the structural–electrochemical
properties correlation could be achieved. The sample shows a
typical conversion-type charge storage mechanism, considering
the absence of the alloying process during (de)charging in both
cyclic-voltammetry and galvanostatic charge–discharge profile.

The content of additive carbon was also varied, unveiling the
relationship between the amount of additive carbon and the
surface area of the nf-NCM. Our results demonstrate that the
nf-NCM could serve as a promising anode material for lithium-
ion batteries with further treatments to improve its cycling
stability.

EXPERIMENTAL SECTION

Electrospinning of
Nickel–Cobalt–Manganese Oxide
Nanofibers
For the preparation of electrospinning polymeric solution, 15 wt%
polyvinylpyrrolidone (5 g, Mw ~1,300,000 by LS, Sigma-
Aldrich) was dissolved in N’N-dimethylformamide (32 ml,
analytical grade, Emsure®) through magnetic stirring for 2 h
at room temperature and obtained a homogenous mixture.
Then, 1 M metal precursors (consisting of 10 mmol nickel
chloride, R&M Chemicals, 5 mmol cobalt chloride, R&M
Chemicals, and 5 mmol manganese chloride, Bendosen) were
subsequently dissolved in the polymeric mixture while stirring.
The mixture was further stirred overnight at room temperature
to obtain a homogenous blend. The blend was loaded into a 50-
CC Terumo syringe, which was connected to a 20-needle (0.70 ×
38 mm) injector for electrospinning. The electrospun nanofiber
mat was collected on a grounded aluminum foil. The
electrospinning process was carried out by applying a
potential difference of 50 kV across the needles and the
aluminum foil collector, with a solution feeding rate of
50 ml h−1 (equivalent to 2.5 ml h−1 per needle), under a
strictly controlled chamber environment (~40% relative
humidity and 30°C temperature). The electrospun mat
collected on the aluminum foil was first calcined for 3 h at
600°C in air with a heating rate of 1°C min−1. The obtained
powder was then collected into an alumina crucible, followed by
annealing for another 6 h at 850°C in air with a heating rate of
1°C min−1. The final powder, denoted as nf-NCM, was used
without further processing and purification.

Device Fabrication
The prepared nf-NCM was used as the anode electrode, which
was prepared through a simple slurry casting technique. The
slurry was prepared by mixing the nf-NCM powder, conductive
Super P additive, and poly(vinylidene fluoride) binder at a weight
ratio of 80:10:10 wt%. All the solid powder was dissolved in 1-
methyl-2-pyrrolidinone (NMP) at a weight ratio of 30:70% to
achieve favorable consistency for casting. For the anode electrode
with a higher ratio of conductive additive, the ratio of nf-NCM
powder, conductive additives, and PVDF binder was manipulated
to 70:20:10 wt%, denoted as nf-NCM(P20). Some amount of
conductive carbon Super P was replaced by vapor-grown
carbon fiber (VGCF), resulting in two more anodes with a
weight ratio (nf-NCM:Super P:VCGF:PVDF) of 70:15:5:10 and
70:10:10:10, denoted as nf-NCM(v5) and nf-NCM(v10),
respectively. The prepared slurry was casted on the copper foil
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(which was etched with sulfuric acid to improve slurry adhesion)
with a blade height of 200 μm with a coating speed of 2 mm s−1.
The electrode was dried at 80°C overnight, followed by 120°C for
1 h before punching into circular disc shape (13 mm in diameter)
and roll-pressed to a density of 2 g cm−3. All the prepared anodes
have an active mass loading of ~1.5 mg. The CR2032 lithium-ion
half-cell was fabricated in an argon-filled glove box, with the
prepared electrode as the anode, lithium metal as both the
counter and reference electrode, and Celgard 2,400
polypropylene film as the separator. LiPF4 (1.0 M) in 1:1 (vol
%) ethylene carbonate:diethyl carbonate was used as the
electrolyte. Prior to electrochemical measurement, the cell was
left to rest for 2 days to ensure complete wetting of the anode.

Material Characterization
Field-emission scanning electron microscopy (FESEM, JOEL,
JSM-7800F, United States, operating at 30 kV) was used to
study the morphology of the nf-NCM with an emission source
positioned 10 mm above the sample. A thin layer of platinum was
coated on top of the sample to minimize distortion due to surface
charge accumulation during FESEM observation. The elemental
composition of all the samples was also studied using energy-
dispersive X-ray spectroscopy (EDX) attached to the FESEM unit.
X-ray diffraction spectroscopy (XRD, Brunker/D2 Phaser), with
Cu Kα radiation (λ = 1.5406 Å) was employed to study the crystal
structure of the nf-NCM. The XRD spectrum was recorded in the
10–70o range, with a step-size of ~0.02o and scanning speed of
~0.5o min−1. X-ray photoelectron spectroscopy (XPS, PHI
Quantera II, Physical Electronics) was used to analyze the
surface chemistry of the sample. For XPS analysis, the nf-
NCM paste was prepared by mixing with ethyl cellulose and
α-terpineol at a weight ratio of 1:4.05:0.5 wt%, followed by
doctor-blading on the bare microscopic glass and calcined at
500°C for 1 h. The spectra for the coated sample were recorded
from 0-1,100 eV with Al (λ = 117.4 eV) as an emission source.
The core level of each element was scanned at the binding energy
range of 520–540, 630–660, 770–810, and 840–890 for O 1s, Mn
2p, Co 2p, and Ni 2p, respectively. The cyclic-voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were obtained
using a multichannel potentiostat/galvanostat (Autolab
workstation with an M101 module FRA32M attachment,
Metrohm). The CV of the samples was measured from 0–3 V
at a scan rate of 0.1 mV s−1, whereas the EIS spectra were obtained
in the frequency range of 1–5 mHz; AC amplitude of ~10 mV at
the open-circuit potential (OCP) of the cells was measured using
the in-built OCP procedure of NOVA 1.10 software and fitted
using Z-view software. The coin cells were subjected to five cycles
of galvanostatic charged/discharged at 100 mA g−1 as the
formation cycle using the potentiostat–galvanostat.

RESULTS AND DISCUSSION

The nf-NCM in this work was prepared via multi-needle
electrospinning, followed by post-annealing for phase
formation and to improve its crystallinity. Previous work has
demonstrated that high temperature calcination (850–900°C) is

required for maximum electrochemical performance for the
lithium–nickel–cobalt–manganese oxide cathode (Kim 2012;
Chen et al., 2021). However, the electrospun nanofiber mat
can only be calcined to 600°C to prevent decomposition of the
aluminum foil (collector), which would lead to contamination of
the nf-NCM. Therefore, the nf-NCM was first calcined at 600°C
for 3 h, with the powder collected into a crucible and
subsequently calcined at higher temperature. The FESEM
image (Figure 1A) confirmed the nanofiber morphology with
a diameter of 312.9 ± 82.1 nm for samples calcined at 600°C for
3 h, although with poor crystallinity (Figure 1B). Further
calcination is required to achieve highly crystalline electrodes
with higher rate capability and longer stability (Yue et al., 2018).
Two main criteria were considered while deciding the second
calcination parameters: 1) the improvement in crystallinity of the
sample and 2) the preservation of the morphology. The heating
rate was kept constant at 1°C min−1. The nf-NCM was first
calcined at 850, 900, or 950°C for 12 h. The XRD spectra
(Figure 1B) showed significant improvement in crystallinity,
with the sample calcined at 950°C, showing the sharpest peak
compared to 900 and 800°C samples. However, the fiber
morphology was completely disintegrated when calcined at
elevated temperature, most likely due to the Ostwald ripening
effect that leads to fusion between adjacent fibers. Surprisingly,
some fibers survived the Ostwald ripening process after being
calcined at 850°C for 12 h. Therefore, 850°C was chosen to be the
annealing temperature, where the calcination duration was
reduced to minimize the Ostwald ripening leading to
morphology disintegration. Among 12, 9, and 6 h, the latter
showed the sharpest peak from the XRD spectra (Figure 1B),
indicating the best crystallinity achieved among all the samples.
The measurement parameters during XRD analysis were
identical; therefore, increase in the peak intensity can be
related to better crystallinity. To our surprise, most features of
the fiber morphology were preserved after calcining at 850°C for
6 h (Figure 1A). Elemental analysis using EDS, as shown in
Figure 2A, concluded the ratio between nickel, cobalt, and
manganese to be 2:1:1, identical to the ratio designated during
sample preparation. Elemental mapping further confirmed that
all transition metals were homogeneously distributed throughout
the nanofibers (Figure 2B).

Surprisingly, the XRD spectrum of nf-NCM does not correlate
well with any single-material system, indicating the existence of
multiple crystal phases within the quaternary metal oxide
(Figure 1C). Fitting using DIFFRAC.SUITE software (Bruker)
confirmed the existence of the crystal phase of Co2MnO4 and
Ni6MnO8/NiO phases. The diffraction peaks positioned at 2θ
~18.9° (111), ~30.8° (220), ~36.2° (311), ~37.9° (222), ~44.0°

(400), ~54.5° (422), ~58.1° (511), and ~63.8° (440) matched well
with the Co2MnO4 phase (JCPDS no. 23–1,237; fm-3m cubic
structure). However, the standard XRD spectrum of the
Ni6MnO8 phase (JCPDS no. 42–479) overlays that of the NiO
phase (JCPDS no. 47–1,049), posting difficulties in determining
the presence of NiO phases. The area under the crystalline peaks can
be used to compare and identify the fraction of each crystalline
phase. To do so, we first assume that the peaks centered at 2θ ~37°,
~43°, and ~63° corresponded to the crystal planes (111), (200), and
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(220) of NiO (space group fm-3m), respectively. The ratio of Ni:Co:
Mn was calculated to be 18.2:36.4:45.4, which is significantly
different from the ratio obtained from EDS (Figure 2A). The
difference in ratio can be attributed to the coexistence of both
Ni6MnO8 and NiO phases within the samples, which is further
confirmed through XPS analysis as detailed in the next paragraph.
Surprisingly, a secondary peak can be deconvoluted at a higher angle
after second calcination (Figure 1D), indicating the formation of
secondary phases besides Co2MnO4, Ni6MnO8/NiO. Such
secondary peak was attributed to the oxidation of Ni2+ to Ni3+ as
well as Co2+ to Co3+ (Manthiram 2020), where the smaller ionic radii
of Ni3+ and Co3+ shrank the lattice parameter and shifted their
respective peaks to a higher angle. The existence of Co and Ni at +3
oxidation state can also be observed in XPS spectra (Figure 2C).

The XPS spectra were recorded using Al Kα radiation; the
high-resolution XPS peaks were fitted to symmetric Gaussians

using Origin 8.0 software without any constraints on the center
position, the FWMH, and the area of the peaks. The XPS
background was defined using the Shirley–Vegh–Salvi–Castle
(SVSC) approach (Herrera-Gomez et al., 2014). All the
recorded XPS core level spectra were calibrated according to
the peak center of C 1s (Figure 2C) to minimize shifting in
binding energy due to space charge accumulation. Compared to
284.8 eV for C 1s (Li et al., 2019), the nf-NCM samples showed
~2.0 eV higher binding energy. The deconvoluted core level
spectrum for each element is showed in Figure 2D. A 17.5 eV
binding energy difference between peaks (i) and (iii) for Ni 2p
corresponded to Ni2+ oxidation states (Dubey et al., 2018). The
15.6 eV binding energy difference between peaks (v) and (vii) for
Co 2p can be attributed to Co2+ oxidation state. Given the fact
that element with a higher oxidation state possessed higher
binding energy, peaks for (i’) and (iii’) as well as (v’) and (vii’)

FIGURE 1 | (A) FESEM images of the sample calcined under different calcination parameters. (B) XRD spectra showing the crystal structure of the sample after
calcination. (C) Coexistence of multiple crystal phases within the quaternary metal oxide. (D) Deconvolution of XRD peaks showing the present of the secondary phase.
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can be attributed to Ni3+ and Co3+, respectively. The presence of
Ni3+ and Co3+ matched well with the observation of secondary
peak in the XRD spectra. We compared the fraction of Ni2+, Ni3+,
Co2+, and Co3+ using the peak area, revealing high similarity
between XRD (16.5:33.0:41.3:9.2%) and XPS (18.9:33.1:38.0:
10.0%) data. As for Mn 2p core level, the difference in binding
energy between (ix–xi)/(ix’–xi) are 12.1/10.9 eV. Peaks (ix’) and
11) can be assigned to Mn4+ oxidation state, where the
deconvoluted peak (ix) can be attributed to Mn3+ oxidation
state (Bulavchenko et al., 2018). The reduction of Mn4+ to
Mn3+ could be the stabilizing act to neutralize charge changes
when both Ni2+ and Co2+ were oxidized to Ni3+ and Co3+ (He
et al., 2020; Wangda Li et al., 2020). The O 1s core level can be
deconvoluted into two individual peaks, with peaks at 530.0 and
529.0 eV, corresponded to M–O–M and M–O–H bonding,
respectively.

The cyclic voltammetric curves for nf-NCM at 0.1 mV s−1 are
shown in Figure 3A, and its first five galvanostatic
charge–discharge cyclings at 100 mA g−1 are in Figure 3B. The
nf-NCM recorded an initial discharge capacity of
~1,074.8 mA h g−1, followed by ~623.0 mA h g−1 charging
capacity, showing an initial capacity loss of ~42%. The
potential plateau from the charge–discharge curve is in line
with the cyclic–voltammetric curve. The potential plateau at
0.8 V during the first discharging corresponded with the broad
cathodic (reduction) peak at 0.85 V, which can be attributed to
the solid–electrolyte interface (SEI) formation. The intense peak
at <0.7 V can be attributed to the conversion of quaternary metal
oxide tometal (reaction #1) as well as irreversible phase transition
(reaction #2). This intense peak disappeared during the
subsequent cycles, indicating that the irreversible phase
transition could be one of the main contributors to the large

FIGURE 2 | (A) EDS spectra of nf-NCM showing that the sample is free from impurities. The Pt peak arises from the platinum coating sputtered onto the sample
prior to FESEM imaging. (B) Elemental mapping of the sample, concluding the homogenous distribution of respective elements. The XPS (C)wide-scan spectra and (D)
narrow-scan for respective elements.
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initial capacity loss. Indeed, the formation of respective metal
oxide instead of their initial binary/ternary metal oxide was cited
for the capacity loss in the conversion-type anode (Puthusseri
et al., 2018). Cathodic peaks at 1.0–1.2 V can be observed from
the second cycle onward. Four individual peaks were
deconvoluted from this reduction peak (Figure 3C), which can
be attributed to the formation of SEI as well as the conversion
reaction for NiO→Ni, CoO→Co, and MnO→Mn (reaction
#3–5). Deducted from the binding energy of each respective
element, the deconvoluted reduction peaks at 1.03, 1.20, and
1.29 V for nf-NCM can be attributed to reduction reaction #3, #4,
and #5, respectively. A broad peak can be observed during the

oxidation, which can also be further deconvoluted into three
respective oxidation peaks (Figure 3C), with peaks at 1.73, 2.05,
and 2.26 V corresponded to the oxidation reaction #5, #4, and #3,
respectively. Despite the different role of each element in NCM
cathode materials, nickel, cobalt, and manganese in NCM anode
materials performed identical roles as the charge storage medium
(reaction #3–5). Considering the destruction of the initial crystal
phase during lithiation (reaction #1), the synergistic properties of
nf-NCMwould be lost, and each phase individually stores lithium
ions during lithiation. Nevertheless, the synergistic effect could
still be felt at the macroscale considering the homogenous
distribution of these elements throughout the anode.

FIGURE 3 | (A)Cyclic-voltammetry curve for nf-NCM. (B)Capacity versus voltage profile of all four samples. (C) Deconvoluted peaks from the cathodic and anodic
peaks of the CV curve shown in Figure 3A. (D) Rate capability profile of all samples. (E) Capacity retention of all samples after 500 cycles of charge–discharge at
1,000 mA g−1.

Frontiers in Materials | www.frontiersin.org February 2022 | Volume 9 | Article 8152046

Ling et al. Electrospun Metal Oxide Anode

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


NixCoyMnzO4 + 8Li+ + 8e− → xNi + yCo + zMn + 4Li2O;

(1)
NixCoyMnzO4 + nLi+ + ne− → xNiO + yCoO + zMnO

+ (n/2)Li2); (2)
Ni + Li2O ↔ NiO + 2Li+ + 2e−; (3)
Co + Li2O ↔ CoO + 2Li+ + 2e−; (4)
Mn + Li2O ↔ MnO + 2Li+ + 2e−. (5)

The initial discharging capacity of 1074.8 mAh g−1 is inferior to
the theoretical capacity of 1760mAh g−1, which can be attributed

to the poor bulk resistance (RB) as shown in Table 1. To probe into
this matter, the ratio of conductive additive was increased to
20 wt.% where the nf-NCM was reduced to 70 wt.%, denoted as
nf-NCM(P20), to increase the conductive pathway between
individual fibers. By increasing the amount of conductive Super
P, the initial discharge capacity of nf-NCM(P20) was enhanced to
1406.0 mAh g-1 with a charging capacity of 861.4 mAh g−1.
Reduction in RB can be observed from impedance spectroscopy
after cycling (Figure 4; Table 1), indicating that increasing the
amount of conductive Super P ensured better connectivity between
individual fibers and offered better electrochemical performance.
We decided not to further increase the ratio of conductive Super P
given that the high Super P content would increase the non-
Faradaic contribution and reduce the specific capacity of the
electrode. To further study the effect of interfiber connectivity
on the electrochemical performance without further increasing the
content of Super P, it was replaced by the vapor-grown carbon fiber
(VGCF), denoted as nf-NCM(v5) and nf-NCM(v10). The
discharging (charging) capacity was further enhanced to
~1663.6 (1039.0) and ~1810.4 (1114.8) mAh g−1 for nf-
NCM(v5) and nf-NCM(v10), respectively, which is in line with
lower RCT recorded in the impedance spectra (Table 1). The value

TABLE 1 | Impedance value extracted from electrochemical impedance spectra
before and after stability cycling. The impedance value for post-formation is
written in the bracket.

Impedance RB (Ω) RSEI (Ω) RCT (Ω)

nf-NCM 4.887 (6.676) 32.91 (7.86) 131.7 (254.29)
nf-NCM(P20) 5.810 (6.039) 44.16 (7.815) 205.0 (200.52)
nf-NCM(v5) 4.819 (6.412) 41.56 (10.74) 83.4 (135.09)
nf-NCM(v10) 5.188 (12.270) 6.64 (10.23) 45.73 (119.75)

FIGURE 4 | Electrochemical impedance spectra for (A) before cycling and (B) after cycling. (C)Bar chart comparing the RB, RSEI, and RCT of all samples before and
after cycling.
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of enhanced specific capacity is really close with the theoretical
value of 1760mAh g−1, showing that poor interfiber connectivity is
one of the main factors leading to the low-capacity value in
nf-NCM.

The samples were also charged/discharged at varying current
densities of ~200, ~400, ~800, and 1000mA g−1 to study their rate
capability (Figure 3D). A higher content of conductive additives
not only enhanced the specific capacity of nf-NCM but also its rate
capability.When charged at 1000mA·g-1, nf-NCM, nf-NCM(P20),
nf-NCM(v5), and nf-NCM(v10) could retain ~320.6, ~569.9,
~585.7, and ~534.0 mAh g−1 corresponding to 52%, 65.6%,
66.5%, and 61.7%, respectively. The enhancement in rate
capability of nf-NCM at a higher content of conductive
additives can be attributed to better electrical conductivity
within the fibers, which can be observed from the reduction in
the charge transport impedance (RCT) as shown in Figure 4;
Table 1. Despite low RCT, nf-NCM(v10) demonstrated slight
reduction in capacity retention when de(charged) at
1000mA g−1 compared to nf-NCM(v5). Previous studies have
reported that the synergistic effects of Super P and VGCF were
required to improve the electrochemical performance of the
LNCM cathode, where VGCF alone showed reduction in
specific capacity as well as rate performance of the anode
material (Cho et al.2015). Therefore, we anticipate that a higher
content of VCGF could destroy the optimal synergistic effect
between both conductive additives and could result in an
increased RB. The half-cells were then cycled at 1000mA g−1 for
500 cycles in the voltage range of 0.01 to 3 V for the stability test
(Figure 3E). The nf-NCM could retain 54.2% of the initial capacity
after 500 cycles of charge–discharging. The capacity retention of
nf-NCM(P20), nf-NCM(v5), and nf-NCM(v10) were 57.3%,
52.7%, and 51.6%, respectively. From Table 1, we can observe
that the SEI impedance (RSEI) reduced when the ratio of conductive
Super P was increased to 20 wt.%, indicating the formation of a
more stable SEI layer and eventually leading to better cycling
stability. However, incorporating VGCF into the conductive
additives increased the RSEI drastically, where both nf-NCM(v5)
and nf-NCM(v10) recorded RSEI of ~10Ω. Despite lower RCT in
nf-NCM(v5) and nf-NCM(v10), both higher RSEI and RB

eventually lead to lower capacity retention in the VGCF-based
samples. Even though VGCF could form a conductive network
(Teng et al.2017), the ability for the conductive additives to self-
distribute within the active materials was reported to play the most
crucial role (Pfeifer et al.2020). The conductive carbon with smooth
spherical morphology was reported to play a crucial role in
ensuring good contact and formation of more stable SEI, which
is in line with our observation. Therefore, despite lower RCT, both
higher RB and RCT counteracted the effect of better electronic
conductivity of VGCF, leading to lower capacity retention during
cycling. Obviously, increasing the content of conductive carbon
boosted the electrochemical performance of electrospun nf-NCM,
achieving specific capacity as high as ~1810.4 mAh g−1 through the
conversion process. However, the working voltage (~0.7 V) is still
higher than that of conventional graphite (~10 mV), and
understanding the origin of large potential hysteresis would be
crucial in further improving the electrochemical performance of
the nickel–cobalt–manganese oxide conversion-type anode.

CONCLUSION

Nickel–cobalt–manganese oxide nanofibers are successfully
fabricated using multi-needle electrospinning. The X-ray
diffraction analyses showed that the quaternary metal oxide
consists of multiple crystal phases, including Co2MnO4,
Ni6MnO8, and NiO. Surface elemental analysis on the
synthesized nanofibers showed that both Ni and Co ions
coexisted in +2 and +3 state, whereas Mn, which functioned as
the structure stabilizer through neutralizing additional charges,
existed in +3 and +4 states. The electrochemical analysis showed
that the synthesized quaternary metal oxide nanofibers offered a
discharged capacity of ~1074.8 mAh g−1, which was further
improved to ~1810.4 mAh g−1 by increasing the content of
Super P as well as incorporation of VCGF. Electrochemical
impedance analysis showed that such enhancement in discharge
capacity can be attributed to the improved interfiber electrical
connectivity. Deducted from the results, we can conclude that a
higher ratio of conductive additives compared to the conventional
ratio of 10 wt.%would be required to completely cover and connect
nanostructures with a higher surface area, electrospun nanofibers
in this case Goodenough, 2018.
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