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Abstract
In this work, perovskite-type NdFeO3 and NdCoO3 nanofibers (NFs) were
synthesized, and the magnetic and electrochemical characteristics of the two
sampleswere investigated. TheNdFeO3 NFs showed ferromagnetic performance
at 298 K and paramagnetic characteristics at low temperatures, whereas the
NdCoO3 NFs showed paramagnetic behavior. The NdFeO3 and NdCoO3 elec-
trodes exhibited favorable electrochemical performance in supercapacitors and
Li-ion batteries. Therefore, this study demonstrated the potential applications of
NdFeO3 and NdCoO3 NFs in the field of condensed matter physics and energy
storage devices.
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1 INTRODUCTION

Neodymium-based perovskite oxides, such as NdFeO3 and
NdCoO3, have attracted the attention of researchers due
to their fascinating physical and chemical properties.1–5
NdFeO3 and NdCoO3 materials with significant applica-
tions have been intensively studied for solid oxide fuel
cells, sensors, catalysts, and data storage devices.6–10 In
addition, the tolerance factors of NdFeO3 and NdCoO3
have shown to be 0.8677 and 0.8828, respectively, indicat-
ing that they possess stable perovskite structures.11 Ferrite
is a commonmagnetic material that has been widely stud-
ied in previous research.12–17 The magnetic properties of
Bi25FeO39 ferrite have been investigated, and at 5–300 K
the effective magnetic moment of the Fe3+ ion has been
found to be 5.82 μB.12 The crystal structure evolutions
of BiFeO3–BaTiO3 compounds have also been demon-
strated, and this research has provided a remarkable
strategy for the development of new functionalmaterials.13
The structures and magnetic properties of M-type hex-
aferrites (BaFe12−xTixO19 and SrFe12−xInxO19) have also
been illustrated.14,15 The crystal structure and ferroelectric
properties of SrFe11.9In0.1O19 have been investigated, and
the relationship between the crystal structure and ferro-
electric properties has been elucidated.16 In addition, the
temperature effect on the structure and magnetic prop-
erties of SrFe10.8In1.2O19 has been elaborated.17 Thus, the
doping concentration, crystal structure, and temperature
have shown a positive effect on the magnetic proper-
ties. As a typical orthoferrite material, NdFeO3 exhibits
interesting sensing and magnetic properties, as well as
excellent gas sensing properties for acetone and CO2 with
high selectivity, great sensitivity, advanced responsiveness,
and good reliability.1,7 NdFeO3 has two magnetic sub-
lattices of Nd3+ and Fe3+, and the interactions between
Nd3+–Nd3+, Nd3+–Fe3+, and Fe3+–Fe3+ result in intrigu-
ingmagnetic phenomena.3,18 As a representative cobaltite,
NdCoO3 has shown remarkable sensing properties for
CO and propane with interesting magnetic properties and
different valence states of cobalt in high-, intermedia-,
and low-spin states.5,19 The rapid development of mobile
communication technology has createdmicrowave devices
with more functionalities, and the dielectric contribution
and magnetic behavior have shown to play a significant
role inmicrowave devices.20 Therefore, it is very important
to study the magnetic properties of materials. Perovskites,

such as La1−xBaxMnO3−x/2 and La1−xSrxMnO3−x/2, have
shown remarkable magnetic properties.21,22 The outstand-
ing sensing properties of NdFeO3 and NdCoO3 have been
mainly attributed to the advantages of perovskite struc-
tures with dodecahedral coordinated Nd3+ and octahedral
coordinated Fe3+/Co3+.1,5 In addition, the high redox abil-
ities of transition metals were found to greatly facilitate
the Faradic redox reaction. Research on the electrochemi-
cal behaviors of NdFeO3 and NdCoO3 would be beneficial
for expanding their applications in supercapacitors and
lithium-ion (Li-ion) batteries. However, the electrochem-
ical behaviors of NdFeO3 and NdCoO3 have rarely been
investigated.
Supercapacitors and Li-ion batteries are the two major

energy storage devices,23,24 and a crucial component of
supercapacitors and Li-ion batteries is the electrode mate-
rial. Generally, NdFeO3 and NdCoO3 materials can be
fabricated by coprecipitation, combustion, and sol–gel
methods.1,2,9,10,25 In addition, Ba–Sr hexaferrites can be
fabricated by a solid-state reaction approach.26 Interest-
ingly, a green and eco-friendly method for synthesizing
BaFe12O19 nanoparticles by usingAcorus calamus has been
reported.27 Nevertheless, the morphologies of these fab-
ricated samples will be highly aggregated, hindering the
Faradic redox reaction in supercapacitor electrodes and
reducing contact area in Li-ion batteries. The nanofi-
brous structure offers attractive merits, such as a high
length-diameter ratio and abundant active sites.28 Elec-
trospinning technology has also shown to be a common
method for fabricating nanofibers (NF)-likematerials with
high efficiency, high yield, and high quality.29 Therefore,
the electrochemical properties of electrospun NdFeO3 and
NdCoO3 NFs were adequately investigated in this work.
In this research, we described the preparation of

NdFeO3 and NdCoO3 NFs with a uniformly orthorhombic
perovskite structure by electrospinning and calcination
approaches. Then, themagnetic and electrochemical prop-
erties of the NdFeO3 and NdCoO3 NFs were investigated.
The NdFeO3 NFs possessed concurrent ferromagnetic
and paramagnetic characteristics, whereas the NdCoO3
NFs exhibited paramagnetic behavior. The NdFeO3 and
NdCoO3 NFs also showed favorable electrochemical
performances as pseudocapacitor electrodes and Li-ion
battery anodes. To the best of our knowledge, few reports
have investigated the electrochemical characteristics of
NdFeO3 and NdCoO3 NFs as supercapacitor electrodes
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and Li-ion battery anodes. Therefore, this research
intended to clarify the electrochemical properties of
NdFeO3 and NdCoO3 NFs and develop a new applica-
tion domain, namely, the energy storage area. Magnetic
analyses were used to identify the magnetic behaviors of
NdFeO3 and NdCoO3 NFs, such as the Curie constants,
Curie temperatures, effective magnetic moments, and
magnetic transition phenomena. Therefore, this research
offered an alternative route for synthesizing perovskite
type NdFeO3 and NdCoO3 NFs with remarkable magnetic
and electrochemical performances.

2 EXPERIMENTAL PROCEDURES

Analytical grade reagents were used in this research,
where the NdFeO3 and NdCoO3 NFs were prepared via
electrospinning and calcination. The precursor solutions
were prepared by adding Nd(NO3)3⋅6H2O (2 mmol), metal
acetate (iron acetate (FeAc), cobalt acetate tetrahydrate
(CoAc⋅4H2O), 2 mmol), and polyvinylpyrrolidone (PVP,
Mw ≈ 1300 000, 1 g) into N,N-dimethylformamide (DMF,
9 ml) under strong stirring overnight. The detailed elec-
trospinning and calcination processes are presented in the
Supporting Information section.
The thermostabilities of the precursorswere analyzed by

thermogravimetric analysis (TGA). The crystal structures,
microstructure, morphology, elemental compositions, and
chemical states of the NdFeO3 and NdCoO3 NFs were
measured by X-ray diffraction (XRD) patterns, a scanning
electronmicroscope (SEM), a transmission electronmicro-
scope (TEM) with energy-dispersive X-ray spectroscopy,
and X-ray photoelectron spectroscopy (XPS), respectively.
The magnetic properties of the NdFeO3 and NdCoO3

NFs were demonstrated via a vibrating sample mag-
netometer (SQUID VSM), whereas the reciprocal
susceptibility curves were replotted by the tempera-
ture dependence of the magnetization curves in zero field
cool mode, where the temperature ranged from 2 to 300 K,
and the applied magnetic field was 100 Oe. The field
dependence of the magnetization (M–H) curves for the
NdFeO3 and NdCoO3 samples was performed at 5, 50, and
298 K under the zero-field cooling condition.
The electrochemical performances of the NdFeO3 and

NdCoO3 NFs as supercapacitor electrodes were investi-
gated by an electrochemical workstation in a standard
three-electrode system. The electrodes were fabricated by
pressing the mixture of NdFeO3/NdCoO3 NFs, acetylene
black, and polytetrafluoroethylene with a weight ratio of
80:10:10 on pretreated nickel foams, where the weight of
the electrode material was 2.5–4 mg, and the electrolyte
consisted of 3 M KOH and 0.02 M K3Fe(CN)6 solution. As
Li-ion battery anodes, the electrochemical behaviors of the

NdFeO3 and NdCoO3 NFs were studied at 30◦C by a bat-
tery analyzer. The abovementioned slurry was roll-pressed
on Cu foil to fabricate the Li-ion battery anodes, where
the weight of the anode material was 1 mg. The 2032-type
coin cells were fabricated in an Ar-filled glove box with
NdFeO3 (NdCoO3) as the anode, lithium foil as the counter
electrode, and 1 mol L−1 LiPF6 as the electrolyte solution.

3 RESULTS AND DISCUSSION

The thermostabilities of the Nd(NO3)3–FeAc/PVP and
Nd(NO3)3–CoAc/PVP precursors were studied by TGA
as shown in Figure S1. The crystal structures of the fabri-
cated NdFeO3 and NdCoO3 were identified by the Rietveld
refinement XRD patterns in the 2θ range from 10◦ to 80◦ as
displayed in Figure 1. It was evident that the refined diffrac-
tion pattern of NdFeO3 matched well with the JCPDS
card (88-0477), indicating a pure orthorhombic perovskite
structure with a Pnma (62) space group,30 whereas the
sharp and highly intense diffraction peak was indexed to
the (1 2 1) plane. The refined diffraction pattern of NdCoO3
was in excellent agreement with the JCPDS card (89-0551),
suggesting an orthorhombic perovskite structure with a
Pnma (62) space group.9,31 The most intense peak was
located on the (1 2 1) plane. No apparent impurity phase
was observed in theXRDpatterns, revealing the high phase
purity of the NdFeO3 and NdCoO3 NFs. The relatively
sharp and highly intense diffraction peaks manifested the
favorable crystallinity of the NdFeO3 and NdCoO3 NFs.
The fitting lattice parameters of the NdFeO3 and NdCoO3
NFs are listed in Table S1, whereas the positional details
of the NdFeO3 and NdCoO3 NFs are shown in Table S2.
The SEM images of the precursors, NdFeO3 NFs, and

NdCoO3 NFs are presented in Figure S2, whereas the TEM
images of the NdFeO3 and NdCoO3 NFs are shown in
Figure 2A,D. The NdFeO3 and NdCoO3 NFs exhibited dis-
tinct nanofibrous structures with a high length-diameter
ratio, and the diameters of NdFeO3 and NdCoO3 were
364 and 256 nm, respectively. Moreover, the TEM images
revealed that the NFs were composed of abundant small
nanoparticles that were connected compactly. According
to the high-resolution TEM images (Figure 2B,E), the
lattice fringe with an interplanar spacing of 0.392 nm
signified the (1 0 1) plane of NdFeO3, whereas 0.331 nm
implied the (1 1 1) plane of NdCoO3. The elemental map-
ping images are shown in Figure 2C,F validated the
homogeneous distribution of Nd, Fe/Co, and O elements
in the NdFeO3/NdCoO3 NFs.
Figure 3 presents the XPS spectra of NdFeO3 and

NdCoO3, whereas the high-resolution XPS spectra of Nd
3d are listed in Figure 3A,D. The two strong peaks at
982 and 1004 eV were ascribed to Nd 3d5/2 and Nd 3d3/2,
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F IGURE 1 Rietveld refined X-ray diffraction (XRD) patterns of the (A) NdFeO3 and (B) NdCoO3 nanofibers (NFs)

F IGURE 2 (A) Transmission electron microscope (TEM) image, (B) high-resolution TEM (HRTEM) image, (C) HAADF-STEM (high
angle annular dark field scanning transmission electron microscope) image, and corresponding elemental mapping images of Nd, Fe, and O
in the NdFeO3 nanofiber (NF); (D) TEM image, (E) HRTEM image, (F) HAADF-STEM image, and corresponding elemental mapping images
of Nd, Co, and O in the NdCoO3 NF
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F IGURE 3 X-ray photoelectron spectroscopy (XPS) spectra of (A) Nd 3d, (B) Fe 2p, and (C) O 1s for the NdFeO3 nanofibers (NFs); (D)
Nd 3d, (E) Co 2p, and (F) O 1s for the NdCoO3 NFs

respectively, indicating the existence of Nd3+.32 In the Fe
2p spectrum (Figure 3B), five clear peaks were located at
710.6, 712.6, 719.1, 724.5, and 733.0 eV. The peaks at 710.6
and 712.6 eV, as well as 724.5 eV corresponded to Fe 2p3/2
and Fe 2p1/2, respectively, whereas concomitant satellite
peaks were located at 719.1 and 733.0 eV. This demon-
strated that the valence states of Fe were +3 and +4.33–35
In the Co 2p spectrum (Figure 3E), the peaks at 780.0 and
781.8 eV were indexed to Co 2p3/2, signifying the coexis-
tence of Co3+ and Co2+. The peak at 795.1 eV was ascribed
to Co 2p1/2, which manifested the existence of Co3+.36
According to the O 1s spectra (Figure 3C,F), the peak at
529 eV originated from the ordered lattice oxygen ions, and
531 eV was derived from the oxygen vacancies.36,37 The rel-
ative percentage concentrations of oxygen vacancies for
the NdFeO3 and NdCoO3 NFs were 31% and 41%, respec-
tively. It has been reported that the oxygen vacancies of
electrode materials will positively influence electrochem-
ical performance, and numerous oxygen vacancies will
favor the adsorption of electrolyte ions, boosting the energy
storage reactions.36 Moreover, the relative percentage con-
centrations of Fe3+ and Co3+ for the NdFeO3 and NdCoO3
NFs are 84.3% and 70.2%, respectively. This implied that
the main valence states of Fe and Co were +3.
The XRD patterns proved that the NdFeO3 and NdCoO3

NFs had orthorhombic perovskite structures, and the SEM
and TEM images confirmed the NF-like morphologies of
NdFeO3 and NdCoO3. The chemical states of Nd3+ and
Fe3+(Co3+) were identified by XPS analyses. Therefore,

the abovementioned characterizations confirmed the suc-
cessful formation of perovskite-type NdFeO3 and NdCoO3
NFs.
The magnetic properties of the NdFeO3 and NdCoO3

NFs were investigated by VSM. The temperature depen-
dences of the reciprocal magnetic susceptibility of the
NdFeO3 and NdCoO3 NFs are shown in Figure 4A,C,
indicating that inverse magnetic susceptibility (1/χ)
was gradually reduced with decreasing temperature.
At 300 K, the magnetic susceptibilities (χ) of the
NdFeO3 and NdCoO3 NFs were 3.434 × 10−5 and 4.356 ×
10−5 emu Oe−1 g−1, respectively; thus, the contribution of
Nd3+ magnetic moments was obvious. The dependences
of NdFeO3 and NdCoO3 obeyed the Curie–Weiss law
(χ = C/(T − θp)) in the intermediate temperature region
(100–280 and 90–255 K).C signifies the Curie constant, and
θp indicates the Curie temperature. Therefore, based on
theCurie–Weiss law, the values ofC and θpwere calculated
and shown in Table S3. In addition, μeff (cal) consisted
of the calculated effective magnetic moment values of
NdFeO3 andNdCoO3. The deviation from the Curie–Weiss
law in the low-temperature region was possibly attributed
to the crystal field effect, whereas the high-temperature
region possibly resulted from the thermally excited states
of Fe3+ and Co3+ ions.3,38 The total magnetic suscepti-
bility of NdFeO3 and NdCoO3 could be described as the
sum of the inequivalent magnetic subsystems, namely,
the Nd ions and Fe/Co ions.3,4 The theoretical effective
magnetic moment of Nd3+ was 3.62 μB,4 whereas the
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F IGURE 4 Reciprocal susceptibility for the (A) NdFeO3 nanofibers (NFs) and (C) NdCoO3 NFs at 100 Oe; magnetic hysteresis loops of
the (B) NdFeO3 NFs and (D) NdCoO3 NFs at 5, 50, and 298 K. The inset shows the magnetic hysteresis loops of the NdFeO3 NFs at 298 K.

theoretical effective magnetic moments of Fe3+ and
Co3+ were 5.9212 and 0.93 μB,19 respectively. The M–H
curves are shown in Figure 4B,D. NdFeO3 possessed Nd3+
and Fe3+ magnetic sublattices with magnetic vectors
antiparallel to each other. For NdFeO3, the noncollinear
antiferromagnetic state in the Fe3+ subsystem mainly
contributed to weak ferromagnetic behavior at high
temperatures, and the Nd3+ subsystem mostly led to the
antiferromagnetic phase at low temperatures.18 At 5 and
50 K, the M–H curves of NdFeO3 showed no hysteresis
loop, which was largely attributable to the existence of the
magnetization compensation point.3,18 Accordingly, the
non-saturating hysteresis loop and weak ferromagnetic
state of the NdFeO3 NFs at 298 K were mainly ascribable
to the noncollinear antiferromagnetic state in the Fe3+
subsystem,18 where the remnant magnetization (Mr) of
the NdFeO3 NFs at 298 K was 0.19 emu g−1. In addition,
the coercivity (Hc) was 6245 Oe. NdCoO3 possessed Nd3+
and Co3+ magnetic sublattices. The thermally excited
Co3+ sublattice gave rise to a paramagnetic state4, and the

Co ions (Co2+, Co3+, and Co4+) were located in different
(high, intermedia, and low) spin states.19 The magnetic
interaction in NdCoO3 involved a nonmagnetic oxygen
ion; thus Co3+–O2−–Co4+ and Co3+–O2−–Co3+ led to
ferromagnetic and antiferromagnetic states, respectively.19
The magnetic state of NdCoO3 originated from the Co
ions in a low spin state, which switched to paramagnetism
when the temperature was above 100 K.9 In a perovskite
structure, Nd3+ was in a low-symmetrical ligand situation,
and the field was inclined to split Nd3+.4 However, the
M–H curves of NdCoO3 exhibited paramagnetic-like
behavior with no hysteresis loop, which was greatly
ascribed to the change of electron orbitals, derived from
energy competition where the exchange energy overcame
the crystal field splitting for 3d electrons in the tilted
CoO6 octahedron.9 According to previous reports, the ac
resistivity and the real part of permittivity would decrease
with increasing frequency.20,39 In addition, the chemical
compositions and structure played a significant role in the
material properties,12,14 where electron hopping between
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Fe2+ and Fe3+ facilitated the reduction in ac resistivity.39
Previous reports have shown that oxygen content will
highly influence the magnetic states.40,41 The magnetic
state transitions of La0.5Ca0.5MnO3−γ appeared from the
antiferromagnetic to ferromagnetic state, from the ferro-
magnetic to spin-glass state, and from the spin-glass to the
ununiform ferromagnetic state with different γ values.40
It has been reported that the material size could influence
the magnetic properties, such as the Curie temperature
and coercivity.30,42,43 According to the Scherrer formula,
the calculated crystallite sizes of the NdFeO3 and NdCoO3
NFs were 81 and 178 nm, respectively. Thus, NdFeO3
with a small size showed high coercivity, which was
attributed to the existing defects and the combined effect
of magnetization curling and buckling.30 In addition,
the NdFeO3 NFs exhibited ferromagnetic performance
at 298 K and paramagnetic characteristics at low temper-
atures, whereas the NdCoO3 NFs showed paramagnetic
behavior. Subsequently, the magnetic properties of the
NdFeO3 and NdCoO3 NFs were investigated, and the elec-
trochemical characteristics were given in the following
sections.
The electrochemical behaviors of the NdFeO3 and

NdCoO3 NFs as supercapacitor electrodes were studied,
and CV analyses were performed at a scan rate from 1 to
100 mV s−1 and the potential from 0 to 0.5 V. According
to Figure 5A,B, the obvious redox peaks indicated the rep-
resentative pseudocapacitive behaviors of the NdFeO3 and
NdCoO3 NFs electrodes, and the redox reactions have orig-
inated from Fe2+ ↔ Fe3+ (Co2+ ↔ Co3+) and Fe(CN)64−↔
Fe(CN)63−. CV curves with no obvious shape deforma-
tion with elevating scan rates manifested the favorable
reversibility and stability of NdFeO3 and NdCoO3. Table
S4 lists the calculated specific capacitances based on
Figure 5A,B, where at 1 mV s−1, the NdFeO3 and NdCoO3
electrodes showed the specific capacitance values of 179.5
and 101.2 F g−1, respectively. In addition, a low scan rate
indicated that the electrolyte ions had sufficient time to
migrate to the active materials and involve in the electro-
chemical reactions at the electrode, thus obtaining high
capacitance.44 The power law is used to investigate the
charge storage mechanism, and the equation could be
expressed by

𝑖 = 𝑎𝜐𝑏 (1)

where a and b signify variable values, i indicates the peak
current, and ν represents the scan rate. In addition, the b
value was located between 0.5 and 1, where a b value of
0.5 signified a battery property by a diffusion-controlled
process, whereas Equation (1) demonstrated a capacitive

behavior by a surface-controlled process.45–47 As depicted
in Figure S5a,b, the b values of NdFeO3 and NdCoO3 were
close to 0.5, suggesting that the charge storage mecha-
nism was dominated by a diffusion-controlled process.
The GCD curves of the NdFeO3 and NdCoO3 electrodes
are presented in Figure 5C,D, which further confirmed
the pseudocapacitive properties of NdFeO3 and NdCoO3.
Table S5 shows the specific capacitances of NdFeO3 and
NdCoO3 at different current densities, where at 1 A g−1,
the specific capacitances of NdFeO3 and NdCoO3 NFs
were 186.8 and 94.5 F g−1, respectively. The coulombic effi-
ciency and available redox reaction active sites of NdFeO3
and NdCoO3 NFs were calculated and are listed in Table
S6. The electrochemical interfacial properties of NdFeO3
and NdCoO3 were measured by EIS from 10 mHz to
100 kHz with an AC signal amplitude of 5 mV at an
open circuit potential. According to Figure S6, the Nyquist
plots consisted of an oblique line in the low frequency
region, indicating rapid diffusion between the electrode
and electrolyte interface, and the absence of a semicircle in
the high frequency region implied low interfacial Faradic
charge transfer resistance at the interface of the NdFeO3
(NdCoO3)/electrolyte. The cycling stabilities of NdFeO3
and NdCoO3 NFs are shown in Figure S7.
The electrochemical properties of the NdFeO3 and

NdCoO3 NFs as Li-ion battery anodes were also
researched. As presented in Figure 6A, for the first
cycle, the broad peak at 0.07–0.1 V was attributed to the
reaction of the NdFeO3 electrode with the electrolyte and
the development of a solid electrolyte interface film, where
the peak at 1.85 V was mainly ascribed to the transition
from Fe2+ to Fe3+.48 For the second cycle, the oxidation
peak of the NdFeO3 NFs moved slightly to 1.91 V, and
the curve showed a wide peak at 0.42 V, whereas the
broad peak from 0.6 to 1.0 V was due to the conversion
of Fe3+ to Fe0,49 and the peak at 0.42 V could be derived
from the valence changed of Nd. For the fifth cycle, the
redox peaks changed slightly, proving the good stability
of the NdFeO3 NFs. Figure 6B displays the CV curves of
the NdCoO3 NFs, where the peak at 0.42 V during the
first discharge process could be attributed to Nd valence
changes, similar to Figure 6A. Two weak peaks located at
1.78 and 0.68 V during the first charge process originated
from the multistage electrochemical lithiation process
from Co to Co3+.50 In the subsequent process, the disap-
pearance of the peak at 0.42 V and the attenuation of the
oxidation peak indicated the fading of the redox reaction
in the NdCoO3 NFs. The reactions of the NdFeO3 and
NdCoO3 NFs during the charge–discharge process could
be described by the following formulas, and we noticed
that the irreversible decay of the capacity in NdCoO3
resulted from the nonreversible reactions of (4) during
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F IGURE 5 CV curves of the (A) NdFeO3 nanofiber (NF) and (B) NdCoO3 NF electrodes at different scan rates; GCD profiles of the (C)
NdFeO3 NFs and (D) NdCoO3 NFs at different current densities

repeated cycling:

NdFeO3 + 4Li+ + 4e− ↔ Nd + FeO + 2Li2O (2)

FeO + 2Li+ + 2e− ↔ Fe + Li2O (3)

NdCoO3 + 4Li+ + 4e− → Nd + CoO + 2Li2O (4)

CoO + 2Li+ + 2e− ↔ Co + Li2O (5)

The stability behaviors of the NdFeO3 and NdCoO3 NFs
are presented in Figure 6C. NdFeO3 NFs showed a grad-
ual upward trend, and their capacity increased from 337
to 531 mA h g−1 after 400 cycles, which was due to the
activation process of the electrode material.51 The capac-
ity finally stabilized at 467 mA h g−1 at the 500th cycle.
The capacity of NdCoO3 NFs declined during the first 100
cycles and then subsequently increased. This phenomenon

was attributed to the formation of the polymer/gel-like
film and electrode lithiation.52 Finally, after 500 cycles the
capacity was 280 mA h g−1, and the capacity retention
rates of NdFeO3 and NdCoO3 were 116.75% and 127.85%,
respectively, proving the favorable stability of these mate-
rials as Li-ion battery anodes. As shown in Figure 6D, the
rate performances of the NdFeO3 and NdCoO3 NFs were
measured at different current densities. The NdFeO3 and
NdCoO3 anodes exhibited capacities of 114 and 11mAh g−1
under 2000 mA g−1. And the capacities recovered to 243
and 105 mA h g−1 when the current density went back
to 200 mA g−1. EIS was implemented to further explore
the Li+ diffusion inside these anode materials. Figure 6E
shows the Nyquist plots of NdFeO3 and NdCoO3, where
the inset shows the equivalent circuit, and the Rct values of
NdFeO3 and NdCoO3 were 44.03 and 56.64 Ω, respectively.
The Bode plots are shown in Figure 6F according to the fit-
ting of the value of ω−0.5 and ∣Z∣. In addition, the exchange
current density (𝑖◦) and the diffusion coefficient of Li+ (D)
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F IGURE 6 CV curves of the (A) NdFeO3 nanofibers (NFs) and (B) NdCoO3 NFs for the first, second, and fifth cycles at a scan rate of
0.05 mV s−1; (C) cycle performances of the NdFeO3 and NdCoO3 NFs at 200 mA g−1 in the voltage range of 0.01–3.0 V; (D) rate performance of
the NdFeO3 and NdCoO3 electrodes; (E) impedance spectra of the NdFeO3 and NdCoO3 NFs at an open-circuit voltage; and (F) fitting line of
the |Z| versus ω−0.5 relationship of the NdFeO3 and NdCoO3 NFs

were calculated. The equations are listed in the following
equation53,54:

∣ 𝑍 ∣= 𝑅𝑠 + 𝑅𝑐𝑡 + 𝜎𝜔−0.5 (6)
𝐷 =

𝑅2𝑇2

2𝐴2𝑛4𝐹4𝐶2𝜎2
(7)
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𝑖◦ =
𝑅𝑇

𝑛𝐹𝑅𝑐𝑡
(8)

where ω indicates the angular frequency, R represents the
ideal gas constant, n is the transfer charge number, F is the
Faraday constant, C signifies the concentration of Li+ in
the electrolyte, and σ is the Warburg coefficient. The cor-
responding electrochemical impedance parameters of the
NdFeO3 and NdCoO3 NFs are listed in Table S7.
The study on themagnetic characteristics of theNdFeO3

and NdCoO3 NFs proved the possible application in the
field of condensed matter physics; the research on the
electrochemical performance of the NdFeO3 and NdCoO3
NFs as supercapacitor electrodes and Li-ion battery anodes
confirmed the practical application in energy storage
devices.

4 CONCLUSIONS

In this work, uniform NdFeO3 and NdCoO3 NFs were
fabricated, and elemental mapping images confirmed the
homogeneous distribution of Nd, Fe (Co), and O in the
NdFeO3 (NdCoO3) NFs. The NdFeO3 NFs present the co-
existence of paramagnetic and ferromagnetic states,
which were attributed to the magnetization compensation
point at low temperature and the noncollinear antifer-
romagnetic state in the Fe3+ subsystem at 298 K. The
NdCoO3 NFs exhibited paramagnetic behavior, which was
ascribed to the change in electron orbitals. In addition,
the particular pseudocapacitive behaviors of NdFeO3
and NdCoO3 were ascribed to the redox reactions of
Fe3+/Fe2+, Co3+/Co2+, and Fe(CN)63−/Fe(CN)64−, where
the diffusion-controlled process was the dominant charge
storage mechanism. At 1 A g−1, the specific capacitances
of the NdFeO3 and NdCoO3 NFs were 186.8 and 94.5 F g−1,
respectively. As Li-ion battery anodes, at 200 mA g−1 the
initial specific capacities of the NdFeO3 and NdCoO3
were 337 and 260 mAh g−1, respectively. The NdFeO3 NFs
exhibited favorable cycling stability, which was attributed
to the reversible valence changes of both Nd and Fe. Thus,
the electrochemical performance of the NdCoO3 NFs
was ascribed to the multistage electrochemical lithiation
process from Co to Co2+ to Co3+. This research suggested
the feasible applications of the NdFeO3 and NdCoO3
NFs in the field of condensed matter physics and energy
storage devices.
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