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a b s t r a c t

Transition metal oxides (TMOs) with high theoretical capacities are promising anode candidates for
sodium ion batteries (SIBs), which yet suffers from inferior cycling stability and rate capability due to
large volume change and sluggish transport kinetics during the sodiation/desodiation processes. Herein,
a general strategy is developed to fabricate ultrafine TMOs nanoparticles encapsulated in nitrogen-doped
carbon nanofibers (uf-TMOs@N-CNFs, M ¼ Fe, Mn, Zn, etc.) as advanced anodes for SIBs. The uf-TMOs@N-
CNFs are facilely synthesized via an in-situ electrospinning and subsequent carbonization strategy,
among which polyvinylpyrrolidone (PVP) is employed as an effective dispersant to suppress metal
agglomeration and control the size of TMOs. Benefiting from the intimate interaction between ultrafine
TMOs and conductive N-CNFs substrates, the uf-TMOs@N-CNFs can efficiently mitigate the aggregation
and pulverization of TMOs, facilitate electron/ion transfer, and boost pseudocapacitive charge storage,
leading to superior sodium storage performance, including satisfactory reversible capacity, excellent rate
capability, and durable cycling stability. Interestingly, the obtained uf-TMOs@N-CNFs membranes also
exhibit excellent flexibility to serve as self-supported and flexible electrodes, demonstrating great po-
tential for flexible SIBs. The present work provides a general and feasible method to construct robust and
flexible electrodes for energy storage devices.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

With increasing concerns on the scarcity of lithium, sodium-ion
batteries (SIBs) have received intensive attention as promising al-
ternatives to lithium-ion batteries (LIBs) for the next-generation
energy storage devices due to the abundant supply, low cost, and
environmental friendliness of sodium resources [1,2]. In spite of
similar electrochemical nature, traditional anodes for LIBs such as
graphite cannot satisfy the demand of SIBs due to the larger ionic
radius of sodium (Naþ: 1.02 Å vs. Liþ: 0.76 Å) [3,4], which causes
lower transport/reaction kinetics and more serious volume
expansion of the electrode [5]. To construct high-performance SIBs
for practical applications, the development of efficient anode ma-
terials still remains a pressing challenge.
Owing to the high theoretical capacity and large natural abun-
dance, transition metal oxides (TMOs) are considered as excellent
anode candidates for SIBs. Unfortunately, the severe volume change
during Naþ insertion and extraction processes causes fracture and
agglomeration of TMOs, resulting in the loss of mechanical strength
and quick capacity fading. Meanwhile, the intrinsic low conduc-
tivity of TMOs and blocked electron transport restrict the
improvement of rate performance. To solve these problems, two
typical strategies can be expected from the amelioration of TMOs-
based electrodes, including: i) nanosizing the particle, ii) compos-
iting with carbon matrix [6e9]. Nanosizing the particle can effi-
ciently decrease the absolute strain of TMOs during the sodiation/
desodiation processes and thus improve the cycling stability.
Enhanced rate capability can be also expected by shortening the
electron diffusion length and enlarging the reaction-active area
[10]. Another effective strategy is combination TMOs with
conductive carbonaceous substrates, which can accommodate the
volume expansion of TMOs and boost the electron transfer kinetics,
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leading to promoted sodium storage performance [11,12].
Recent efforts have demonstrated that merging nanosized TMOs

with carbon nanomaterials can take advantages of the above two
strategies together [13e19]. For instance, Kao et al. incorporated
nanosized CuO nanoparticles (around 4 nm) into ordered meso-
porous carbons through a hydrothermal and hydrogenation strat-
egy [13]. The unique heterostructure can prevent the
agglomeration of CuO and enhance Naþ diffusion coefficients,
delivering an excellent capacity of 477 mAh g�1 at 0.1 A g�1 after
200 cycles and 181 mAh g�1 at 2.0 A g�1 after 250 cycles. Mai and
Zhang et al. fabricated ultrafine metal oxide dots (3e6 nm)
embedded in nitrogen-enriched 3D carbon nanofiber networks via
self-assembling of metal-polysaccharide frameworks and subse-
quent annealing, which showed superior electrochemical perfor-
mance for lithium/sodium storage owing to the ultrasmall particle
size and 3D carbon-confined structure [14]. Therefore, nanosized
TMOs@carbon composites show great potential as advanced anode
materials for high-performance SIBs. Nevertheless, incompact
connection between TMOs and carbon matrices may limit the
further improvement of energy storage performance, especially
cycling stability at large current densities. Moreover, complicated
procedure or high cost of nanosized TMOs@carbon impedes the
scalable synthesis and practical applications. Therefore, feasible
method for construction of versatile nanosized TMOs@carbon
composites is still urgently desired.

In the present study, we demonstrate a general strategy to
facilely and cost-effectively fabricate ultrafine TMOs nanoparticles
encapsulated in nitrogen-doped carbon nanofibers (uf-TMOs@N-
CNFs, M ¼ Fe, Mn, Zn, etc.) through an in-situ electrospinning and
subsequent carbonization strategy. In this process, poly-
vinylpyrrolidone (PVP) is employed as an effective additive to
disperse the metal precursors and suppress metal agglomeration in
the thermal treatment process. Owing to the ultrasmall size of
TMOs and intimate integration with N-CNFs, the uf-TMOs@N-CNFs
can efficiently mitigate aggregation and pulverization of TMOs,
facilitate electron/ion transfer, and boost pseudocapacitive charge
storage, leading to superior sodium storage performance, especially
prominent rate capability and cycling stability. Interestingly, the
versatile nanostructure of uf-TMOs@N-CNFs also endow them
excellent flexibility and can be directly utilized as self-supported
anodes for flexible SIBs.

2. Experimental section

2.1. Preparation of uf-TMOs@N-CNFs

In a typical synthesis process, 0.6 g polyvinylpyrrolidone (PVP,
MW ¼ 1300000) and 3 mmol metal chloride (FeCl3, ZnCl2 or MnCl2)
were dissolved in 10 mL N, N-dimethylformamide (DMF) solution,
followed by stirring for 2 h at 60 �C. Subsequently, 0.4 g poly-
acrylonitrile (PAN, MW ¼ 150000) was added into the mixture with
vigorous stirring for 10 h at 60 �C to obtain a homogeneous pre-
cursor solution for electrospinning. The as-prepared solution was
loaded into a plastic injector and electrospun on a spinning ma-
chine. A DC voltage of 14 kV was applied to the 20G needle of
0.6 mm inner diameter needles, and the flow rate was controlled at
0.006 mLmin�1 during the spinning process. The distance between
the tip and the collector wrapped aluminum foil (rotary speed of
300 r min�1) was 12 cm to collect the as-spun fibers, which was
directly scrapped off and carbonized at 600 �C for 2 h under a
heating rate of 1 �C min�1 in nitrogen atmosphere. Finally, flexible
membranes were obtained and denoted as uf-Fe3O4@N-CNFs, uf-
ZnO@N-CNFs and uf-MnO@N-CNFs, respectively. In order to verify
the crucial role of PVP, TMOs@N-CNFs (M ¼ Fe, Zn and Mn) were
synthesized through the same procedure in the absence of PVP.
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2.2. Material characterization

The crystal structure of the samples was characterized with X-
ray diffraction (XRD, X’Pert PRO MPD) using Cu Kɑ radiation
(l ¼ 0.1518 nm) in angle of 2 theta from 5� to 75�. The morphology
andmicrostructurewere analyzed by scanning electronmicroscopy
(SEM, Hitachi S-4800) and transmission electron microscopy (TEM,
JEOL-2100F). The element mapping was recorded by energy
dispersive X-ray spectroscopy (EDX) on the JEOL-2100F microscope
operating at 200 kV. The X-ray photoelectron spectroscopy (XPS,
Escalab 250Xi) analysis was conducted by an Mg Kɑ (1486.6 eV)
monochromatic X-ray source. The thermal gravimetric analysis
(TGA, STA 409 PC Luxx) was conducted in air with a heating rate of
10 �C min�1 at 800 �C. The N2 adsorption-desorption isotherm
measurement was obtained at 77 K on a sorptometer (Micro-
meritics, ASAP 2020). The specific surface area and pore volume
were calculated using Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH), respectively. The inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) was conducted on
AGILENT730ES.

2.3. Electrochemical measurements

The electrochemical performance was evaluated using CR2032-
type coin cells, which were assembled in an Ar-filled glove boxwith
water and oxygen contents <0.1 ppm at room temperature. The as-
prepared uf-TMOs@N-CNFs were directly utilized as self-supported
working anode for SIBs without any binder, conductive agent or
current collector. The flexible membranes were punched into cir-
cular electrode slice (12 mm in diameter) as the test anode, with
sodium metal as the counter electrode. The loading mass of uf-
TMOs@N-CNFs and TMOs@N-CNFs were estimated about
1.0 mg cm�2. Celgard 2300membranewas utilized as the separator,
and the electrolyte comprised 1 M NaClO4 in a 2:1 (v/v) mixture of
ethylene carbonate and propylene carbonate. The discharge and
charge processes were tested on a LAND CT2001A battery test
system over a voltage range of 0.01e3.00 V vs. Na/Naþ. The Nyquist
impedance plots were performed at a frequency range of 100 kHz-
10MHz on an Ametek PARSTAT4000 electrochemistry workstation.

3. Results and discussion

3.1. Characterization and morphology

The uf-TMO@N-CNFs (M ¼ Fe, Mn, Zn, etc.) composites were
facilely prepared through an in-situ electrospinning and subse-
quent carbonization strategy (Fig. 1a). Specifically, metal chloride
precursor and PVP dispersant were mixed and simultaneously
added into polyacrylonitrile (PAN) spinning solution, which were
electrospun into flexible nanofiber membranes, followed by one-
pot carbonization. Ultrafine TMOs nanoparticles were homoge-
nously encapsulated in nitrogen doped carbon nanofibers. On the
contrary, TMOs@N-CNFs with uncontrollable larger TMOs particles
were obtained without the addition of PVP. As illustrated in Fig. 1b,
PVP is employed as a crucial additive in the synthesis process.
Firstly, the negative charged O atoms in lactam groups of PVP show
strong electrostatic affinity with Mnþ ions, facilitating the homo-
geneous distribution of the metal precursors (Fig. S1) [20,21].
Additional experiments were carried out and further verify the
intimate interaction between PVP and metal ions (Fig. S2). In sub-
sequent thermal treatment process, the puissant PVP-bonded-Mnþ

interaction further contributes to suppress metal agglomeration
and leads to controllable synthesis of ultrafine TMOs nanoparticles
[22]. The speculative formation mechanism of TMOs is detailedly
illustrated and listed in the supplementary information.



Fig. 1. (a) Schematic illustration for the synthetic process of uf-TMOs@N-CNFs and TMOs@N-CNFs. (b) Illustration for the PVP-assisted synthesis of ultrafine TMOs nanoparticles
encapsulated in carbon nanofibers. (A colour version of this figure can be viewed online.)
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Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images show the microstructure and
morphology of the samples. As shown in Fig. S3, SEM images of uf-
Fe3O4@N-CNFs display continuous carbon nanofibers with diam-
eter ranging from 100 to 250 nm. Abundant cracks can be clearly
observed on the surface of the nanofibers in the higher resolution
SEM image (Fig. S3c). This is further supported by the nitrogen
adsorption/desorption isotherms of uf-Fe3O4@N-CNFs, which ex-
hibits a type IV isotherms with type H4 hysteresis loops, suggesting
the existence of micropores and mesopores (Fig. S4) [23,24]. The
BET surface area of uf-Fe3O4@N-CNFs is determined to be
78.73 m2 g�1, and corresponding pore size distribution further
confirms the plenty of micropores and mesopores. These cracks
should be caused by gas evolution during the pyrolysis of PVP and
PAN, which would be conducive to wetting of the electrolyte and
transport of sodium ions [25]. Further study on the SEM and low-
resolution TEM images reveals the absence of visible particles in
the sample (Fig. 2a). Whereas magnified TEM images of uf-
Fe3O4@N-CNFs indicate the existence of ultrafine nanoparticles
(black dots) incorporated into the carbon nanofibers (Fig. 2b and
inset). According to the size distribution analysis, the nanoparticles
show a uniform size distribution with an average particle size of
3.7 nm (Fig. S5). As shown in Fig. 2c, the high-resolution TEM image
further provides insights of ultrafine nanoparticles of well-
crystalline texture with lattice fringe space of 0.253 nm, corre-
sponding to the (311) plane of Fe3O4 [26]. As a control, in the
absence of PVP, Fe3O4@N-CNFs presents uncontrollable larger
particles with diameter of 15e45 nm supported on the surface of
the nanofibers (Fig. 2d). In addition, dark field TEM image and
corresponding energy dispersive X-ray spectroscopy (EDX)
elemental mappings exhibit the homogeneous distribution of C, N,
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O and Fe elements in the uf-Fe3O4@N-CNFs (Fig. 2e and f).
To verify the universality of the PVP-assisted synthesis

approach, the strategy was extended to other metal precursors
such as ZnCl2 and MnCl2. The microstructures of the as-prepared
uf-ZnO@N-CNFs and uf-MnO@N-CNFs were firstly characterized
by TEM techniques (Fig. 3a and b). It can be clearly seen that no
obvious agglomerated particles appear on the nanofibers, in line
with that of uf-Fe3O4@N-CNFs. Magnified TEM images (insets of
Fig. 3a and b) demonstrate the emergence of ultrafine nanoparticles
uniformly dispersed in the samples. X-ray photoelectron spec-
troscopy (XPS) results further reveal that the ultrafine nano-
particles are supposed to be ZnO andMnO, respectively (Fig. S6 and
Fig. S7). For comparison, ZnO@N-CNFs and MnO@N-CNFs prepared
without PVP display irregular large particles (15e75 nm) on the
surface of the nanofibers (Fig. 3c and d). The results demonstrate
that PVP serves as an effective additive to control the size and
distribution of TMOs, which should be attributed to its strong
interaction with the metal precursors to prevent metal agglomer-
ation and control formation kinetics of TMOs. Hence, a feasible and
general method is successfully proposed for the fabrication of ul-
trafine TMOs nanoparticles intimately encapsulated in carbon
nanofibers. Based on this, the metal loadings of uf-TMOs@N-CNFs
were tested by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES), as listed in Table S1. The mass ratios of Fe, Mn
and Zn are determined to be 17.87 wt%, 18.07 wt% and 17.01 wt%,
respectively. Accordingly, the mass percentage of Fe3O4, MnO and
ZnO in the uf-TMOs@N-CNFs composites are calculated to be
24.68 wt%, 23.31 wt%, and 21.18 wt%, respectively.

As shown in Fig. 4a, the X-ray diffraction (XRD) patterns of uf-
Fe3O4@N-CNFs and Fe3O4@N-CNFs display representative peaks of
Fe3O4 (JCPDS 75e0033) without any second phase. A contrastive



Fig. 2. TEM images of (aec) uf-Fe3O4@N-CNFs and (d) Fe3O4@N-CNFs. (e) Dark-field TEM image and (f) corresponding EDX elemental mappings of uf-Fe3O4@N-CNFs with C, N, O
and Fe element. (A colour version of this figure can be viewed online.)

Fig. 3. TEM images of (a) uf-ZnO@N-CNFs, (b) uf-MnO@N-CNFs, (c) ZnO@N-CNFs and
(d) MnO@N-CNFs.
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study of the XRD patterns reveals broader diffraction peaks of uf-
Fe3O4@N-CNFs than those of Fe3O4@N-CNFs, simultaneously with
relative shifts to lower angles. The enlarged weak peaks of uf-
Fe3O4@N-CNFs indicates a high dispersion of nano magnetite in the
sample [27]. According to the Scherrer’s equation, the calculated
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average crystallite sizes D of Fe3O4 in uf-Fe3O4@N-CNFs is about
4 nm (Table S2), which is in good agreement with the above TEM
and size distribution analysis results. While the shifts to lower
angles should bemainly assigned to tensile and compressive strains
of the sample, resulting from their intimate interaction between
ultrafine Fe3O4 and N-CNFs substrate [28e30]. Thermal gravimetric
analysis (TGA) was conducted in air to determine the Fe3O4 content
in the composite (Fig. 4b). With the temperature increasing, the
sample starts to lose weight and shows a sharp decline from 380 to
410 �C due to the combustion of carbon and conversion of Fe3O4 to
Fe2O3 (30.50 wt%). Accordingly, the mass percentage of Fe3O4 in uf-
Fe3O4@N-CNFs is estimated to be 29.48 wt%, which is close to the
ICP-AES testing value.

XPS spectra were further employed to characterize the surface
compositions and chemical valence states of various elements in uf-
Fe3O4@N-CNFs. The XPS survey spectrum confirms the existence of
elemental C, N, O, and Fe in the sample (Fig. 5a). It is worth noting
that the Fe content is detected to be 2.25 atomic% and corresponds
to a Fe3O4weight ratio of 12.41%, showing a differencewith the TGA
result. As we known, the depth range of XPS measurement is a
nanometer order. Thus, the result should be assigned to the
embedment of ultrafine Fe3O4 nanoparticles into the carbon
nanofibers [31]. Additionally, with a doping amount of about 5.5
atomic% derived from PAN, nitrogen doping can further improve
the electronic conductivity of the matrix [32]. The Fe 2p spectrum
exhibits two broad peaks of Fe 2p3/2 at 710.1 eV and Fe 2p1/2 at
723.6 eV, which is consistent with previous reports (Fig. 5b) [33,34].
The characteristic satellite peaks of Fe 2p at 718.4 and 732.4 eV
further confirms the formation of Fe3O4 [17,35]. Fig. 5c and d shows
the existence of CeO/C]O (532.8 eV), which is resulted from the
partial oxygen doping to carbon nanofibers originated from PVP
[22]. Interesting, the presence of FeeOeC bonds located at 531.8 eV,



Fig. 4. (a) XRD patterns of uf-Fe3O4@N-CNFs and Fe3O4@N-CNFs. (b) TGA curve of uf-Fe3O4@N-CNFs. (A colour version of this figure can be viewed online.)

Fig. 5. (a) XPS survey, (b) Fe 2p, (c) O 1s and (d) C 1s spectra of uf-Fe3O4@N-CNFs. (A colour version of this figure can be viewed online.)
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which is formed in the in-situ synthesis procedure of uf-Fe3O4@N-
CNFs, demonstrates the strong chemical bonding between Fe3O4
and N-CNFs (Fig. 5c) [36,37]. Such intimate interaction between
Fe3O4 and the carbonaceous substrate can effectively enhance the
electron transfer and buffer the stresses arising from volume
change of Fe3O4 in the sodiation/desodiation processes, leading to
improved electrochemical properties [38,39]. To sum up, with the
assistance of PVP, ultrafine TMOs with homogeneous particle size
and distribution are intimately encapsulated in the N-CNFs matrix,
which is expected to achieve exciting electrochemical performance
when employed as anodes for sodium storage.

As shown in Fig. S8, the prepared uf-Fe3O4@N-CNFs, uf-ZnO@N-
CNFs, and uf-MnO@N-CNFs membranes show excellent mechanical
strength and can be directly tailored into working electrodes as
self-supported anodes for SIBs without any binder, conductive
agent or current collector. Therefore, coin-type 2032 half-cells were
assembled to evaluate the electrochemical properties of the uf-
TMOs@N-CNFs composites. The cyclic voltammetry (CV) curves of
uf-Fe3O4@N-CNFs at 0.2 mV s�1 are shown in Fig. 6a. In the first
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cycle, the broad cathodic peak centered at 0.37 V is attributed to the
irreversible electrolyte decomposition and solid electrolyte inter-
phase (SEI) film formation, as well as the reduction of Fe3O4 to Fe0

[40]. In the anodic process, the weak peak around 1.02 V indicates
the oxidation of Fe0 to Fe3O4 [27]. In the following anodic processes,
the weak oxidization peaks at 0.76 V and 1.40 V corresponds to the
two-step oxidation of Fe0 to Fe2þ and Fe2þ to Fe3þ, respectively [36].
And reduction peaks at 0.66 V corresponds to the reduction of Fe3þ/
Fe2þ to Fe0 species. To further elucidate the conversion mechanism
of iron species, ex situ XPS analyses of the uf-Fe3O4@N-CNFs elec-
trodes at different charge/discharge stages were performed. As
shown in Fig. S9. The pristine electrode displays four peaks of Fe3þ

2p3/2 (711.5 eV), Fe3þ 2p1/2 (725.2 eV), Fe2þ 2p3/2 (710.1 eV), and
Fe2þ 2p1/2 (723.6 eV), respectively, corresponding to Fe3O4 [41].
When discharged to 0.8 V, the Fe3þ peaks at 711.5 and 725.2 eV are
weakened and translated to Fe2þ peaks. After further discharge to
0.01 V, peaks of Fe0 2p3/2 (707.0 eV) and Fe0 2p1/2 (718.2 eV)
generally emerged, indicating the reduction of Fe2þ to generate Fe0

species [36,37]. Notably, the nanoscale Fe0 species on the nanofiber



Fig. 6. (a) CV curves of uf-Fe3O4@N-CNFs at 0.2 mV s�1. (b) Cycling performance of uf-Fe3O4@N-CNFs at 0.1 A g�1. (c) Cycling performances of uf-Fe3O4@N-CNFs and Fe3O4@N-CNFs
at 1.0 A g�1. (d) The comparison of average capacity of uf-Fe3O4@N-CNFs and Fe3O4@N-CNFs at 0.05, 0.1, 0.3, 0.5, 1.0, 2.0, 3.0, and 5.0 A g�1, respectively. (A colour version of this
figure can be viewed online.)
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surface are extremely active, which can be readily oxidized to Fe2O3
during the sample preparation and testing processes. Therefore,
dominant Fe3þ peaks can also be observed in the XPS spectrum.
When further charged to 1.8 and 3.0 V, the peaks of Fe0 disappear
and completely convert to Fe3þ peaks, demonstrating the reox-
idation of Fe0 to Fe3þ. Therefore, the CV and ex situ XPS results
reveal the reversible redox conversion of iron species in the charge
and discharge processes. Fig. 6b presents the cycling performance
of uf-Fe3O4@N-CNFs at a current density of 0.1 A g�1. The electrode
delivers a capacity of 598 mA h g�1 with an initial coulombic effi-
ciency (CE) of 48% on account of the decomposition of electrolyte
and irreversible formation of SEI layer on the nanocomposite sur-
face. After few cycles, the CE quickly rises to above 99%, and a stable
charge capacity of 284mA h g�1 remains after 100 cycles. When the
current density is further raised to 1.0 A g�1, uf-Fe3O4@N-CNFs af-
fords a satisfactory and stable capacity of 235 mA h g�1 after 1000
cycles (Fig. 6c). In contrast, Fe3O4@N-CNFs suffers a severer capacity
fading and shows a poor capacity of 77 mA h g�1 at the 1000th
cycle.

Fig. 6d gives a comprehensive comparison of the average ca-
pacity of uf-Fe3O4@N-CNFs and Fe3O4@N-CNFs at different current
densities. Owing to the prominent heterostructure, uf-Fe3O4@N-
CNFs obviously displays superior sodium storage performance than
that of Fe3O4@N-CNFs. Similar results can also be observed for uf-
ZnO@N-CNFs and uf-MnO@N-CNFs. As shown in Fig. S10, the
cycling performances of uf-MnO@N-CNFs and uf-ZnO@N-CNFs
were evaluated, the results of which approve the good capacity and
stable cyclability, delivering a high reversible capacity of 216 and
209 mA h g�1 after 1000 cycles, respectively. Whereas ZnO@N-
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CNFs and MnO@N-CNFs both show a rapid capacity fading in the
first few cycles and presents a low capacity of 108 and 79 mA h g�1

after 400 cycles, respectively. The results reveal that the designed
uf-TMO@N-CNFs demonstrate superior sodium storage perfor-
mances owing to the distinctive composite nanostructure induced
by the addition of PVP. Since the theoretical capacities of Fe3O4,
MnO, and ZnO are 926, 755, and 978mAh g�1, respectively [42e44],
and N-CNFs provides a capacity of 143 mAh g�1 at 0.1A g�1 ac-
cording to the testing result in Fig. S11. Thus, the theoretical ca-
pacities of uf-Fe3O4@N-CNFs, uf-MnO@N-CNFs and uf-ZnO@N-
CNFs are calculated by the equation of Cuf-TMOs@N-

CNFs ¼ CTMOs � %mass of TMOs þ CN-CNFs � %mass of N-CNFs [45], which
are determined to be 336, 285, and 319 mAh g�1, respectively
(details listed in Table S3). Remarkably, the prepared uf-Fe3O4@N-
CNFs, uf-MnO@N-CNFs and uf-ZnO@N-CNFs deliver capacities of
284, 271, and 304 mAh g�1 at a current density of 0.1A g�1, which
are extremely close to their theoretical capacities, taking full
advantage of the intercalated TMOs. Tables S4eS6 present the
performance of recent reported carbon-based Fe3O4, ZnO, andMnO
composite anodes for SIBs. Comparison study reveals that the uf-
TMOs@N-CNFs composites display superior capacity and stability,
especially at large current densities.

Fig. 7a presents the rate capability of uf-Fe3O4@N-CNFs at
different current densities. As can be seen, uf-Fe3O4@N-CNFs de-
livers average capacities of 308, 284, 268, 257, 240, 227, 180, 146,
and 113 mA h g�1 at 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 3.0, and 5.0 A g�1,
respectively. When the current rate is reversed back to 0.1 A g�1, the
electrode capacity quickly recovers to 285 mA h g�1, indicating an
excellent rate performance of the electrode. The galvanostatic



Fig. 7. (a) Rate capability of uf-Fe3O4@N-CNFs at different current densities. (b) Long cycling profiles of uf-Fe3O4@N-CNFs at a large current density of 5.0 A g�1. (c) Nyquist
impedance plots of uf-Fe3O4@N-CNFs after certain electrochemical cycles. (d) TEM image of uf-Fe3O4@N-CNFs after 1000 cycles at 1A g�1. (e) Side view of the uf-Fe3O4@N-CNFs
membrane. (f) Photograph of the flexible SIBs with optional bending. (A colour version of this figure can be viewed online.)
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charge and discharge profiles of uf-TMOs@N-CNFs were also con-
ducted at current densities from 0.05A g�1 to 5.0 A g�1. As illus-
trated in Figs. S12eS14, the charge/discharge capacities decrease
accordingly with increasing of the current density. Several slopes
can be seen without obvious plateaus, which should be mainly
associated with the discontinuous phase transition of the host
material upon Naþ insertion and extraction [46,47]. Moreover, the
distance between the charge and discharge curves also increases
with the current density, suggesting a gradually raised degree of
polarization [48,49]. The long-term cycling performance of uf-
Fe3O4@N-CNFs at a large current density was further investigated
(Fig. 7b). In this process, the current density is initially set to be
5.0 A g�1, and the structure of the electrode is inevitably damaged
under such a large current density, resulting in a capacity fading in
the initial cycles. Therefore, after a long activation procedure, which
involves in the formation of stable SEI and ion/electron trans-
mission channels, the capacity becomes stable and remains 119
mAh g�1 even after ultralong 5000 cycles.

Fig. 7c further illustrates the Nyquist impedance plots of uf-
Fe3O4@N-CNFs after certain electrochemical cycles. The equivalent
circuit and fitted curve (black dashed line) for uf-Fe3O4@N-CNFs
after 1000 cycles are shown in Fig. S15. The fitted electrochemical
impedance parameters listed in Table S7 indicates the good fitting
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degree of the equivalent circuit. For the Nyquist impedance plots,
the semicircle at high-medium frequency reflects the charge-
transfer resistance (Rct) and Naþ ions migration resistance
through the SEI film (RSEI). While the inclined line at low frequency
corresponds to Warburg impedance (Zw) assigned from the diffu-
sion of Naþ ions into the electrodes [38]. Remarkably, the smaller
semicircle diameter and higher slope of uf-Fe3O4@N-CNFs after
1000 cycles reveals a gradual activation behavior during the cycling
process. Such activation phenomenon can be found in many TMOs-
based electrodes, which should be partially attributed to the
delayed wetting of the electrolyte into the composite, as well as
gradually formed and aged transport channels for the Naþ ions and
electrons during the sodiation/desodiation processes, leading to
promoted charge transfer and Naþ diffusion kinetics [50e52].
Nyquist impedance measurements of uf-Fe3O4@N-CNFs, Fe3O4@N-
CNFs, and Fe3O4 were further compared at a current density of
1 A g�1 after 20 cycles and 1000 cycles, as shown in Fig. S16. As can
be seen, Fe3O4@N-CNFs and uf-Fe3O4@N-CNFs exhibit much
smaller semicircle and higher slope than that of Fe3O4, indicating
the enhanced electron and ion transportation by combination with
carbonaceous substrates. After 1000 cycles, Fe3O4@N-CNFs shows
severe fading of the electron and ion conductivity due to the
structural damage of the electrode. Whereas uf-Fe3O4@N-CNFs
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exhibits promoted charge transfer and Naþ diffusion kinetics
benefiting from the reinforced nanostructure and activation pro-
cess. To further verify the structure change of the electrode, TEM
images of uf-Fe3O4@N-CNFs after 1000 cycles at 1 A g�1 were
detected and shown in Fig. 7d. Ultrafine Fe3O4 nanoparticles are
firmly confined into continuous carbon nanofibers without any
agglomeration or fracture, illuminating the prominent structural
integrity during the repetitive cycling processes. As a control, TEM
image of Fe3O4@N-CNFs shows the presence of irregular and
agglomerated Fe3O4 particles on fractured nanofibers, which
should be attributed to the severe volume change of Fe3O4 in the
cycling process, resulting in pulverization and agglomeration of
Fe3O4, as well as severe damage of the N-CNFs matrix (Fig. S17).
Therefore, according to the above results, the excellent rate capa-
bility and durable ultralong cycling performance of uf-Fe3O4@N-
CNFs are attributed to intimate interaction between ultrafine TMOs
and conductive N-CNFs substrates, which can not only mitigate the
volume changes of Fe3O4 during the sodiation/desodiation pro-
cesses, but also shorten the solid-state diffusion paths of Naþ and
facilitate the electron/ion transfer.

Remarkably, the obtained uf-Fe3O4@N-CNFs membrane also
exhibits excellent mechanical flexibility, which can sustain
repeated buckling or folding (Fig. 7e). Considering the impressive
flexibility, the uf-Fe3O4@N-CNFs was directly cut into rectangle
pieces and assembled to a packaged flexible SIBs. As shown in
Fig. 7f and Video S1, the output voltage does not show any change
with optional bending of the flexible battery. Fig. S18 presents the
cycling performance of the flexible battery with uf-Fe3O4@N-CNFs
anode at a current density of 0.05 A g�1. The electrode shows a
stable cycling performance and delivers a high capacity of
297 mA h g�1 after 50 cycles. These results demonstrate the great
potential of uf-Fe3O4@N-CNFs for application in flexible SIBs and
other flexible energy storage devices.

To understand the sodium storage mechanism of uf-TMOs@N-
CNFs, uf-Fe3O4@N-CNFs was selected as a typical sample and
investigated in detail at different sweep-rates by CV tests (Fig. 8a).
Fig. 8. Kinetics and quantitative analysis of the Naþ storage behavior of uf-Fe3O4@N-CNFs an
scan rate plots. (c) Separation of capacitive (pink region) and diffusion-controlled (light blue r
at different scan rates. (A colour version of this figure can be viewed online.)
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Notably, with increasing scan rate, the CV curves of uf-Fe3O4@N-
CNFs are maintained nearly unvaried except for the enlarged area,
indicating great potential for high-rate sodium storage [53]. There
is a general agreement that the scan rate (v) and measured current
(i) obey the following equation:

i ¼ avb (1)

Where a is a constant, and b is decided upon the slope of the
log(v)elog(i) plots. The b value can unveil the charge storage
mechanism. It is a diffusion-dominated Naþ process when the b is
0.5. Whereas for an ideal surface-controlled capacitive process, b is
equal to 1.0. As shown in Fig. 8b, a linear relationship between log(i)
and log(n) is displayed, and the b values are calculated to be 0.892
(peak I) and 0.924 (peak II), which implies that the kinetics of uf-
Fe3O4@N-CNFs are mainly pseudocapacitive processes. Further-
more, the pseudocapacitive (k1v) and diffusion-controlled behavior
(k2v1/2) at a fixed potential could be evaluated from the following
equation:

i(V) ¼ k1v þ k2v
1/2 (2)

Accordingly, the pseudocapacitive-controlled contribution is
calculated to be 78.69% for uf-Fe3O4@N-CNFs at 1.0 mV s�1 as
demonstrated by the light blue area (Fig. 8c). Fig. 8d shows the
percentages of pseudocapacitive contribution at different scan
rates. The ratio of the capacitive contribution gradually improves
from 61.79% to 78.69% with increased scan rates. These results
suggest that the sodium-storage mechanism is mainly dominated
by pseudocapacitive process, which is much faster than diffusion-
controlled process [53]. In addition, as an important parameter to
evaluate the kinetics for the electrochemical process, the sodium
ion diffusion coefficient (DNaþ) was further calculated according to
the above CV and electrochemical impedance spectroscopy (EIS)
results. The detailed calculationmethod and results are listed in the
supplementary information (Figs. S19eS21). Based on the CV
ode: (a) CV curves at different scan rates. (b) Logarithm peak current versus logarithm
egion) contribution at 1.0 mV s�1. (d) The percentages of pseudocapacitive contribution
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results, the DNaþ of uf-Fe3O4@N-CNFs are calculated to be
1.97 � 10�12 and 7.22 � 10�12 cm2 s�1 for the anodic and cathodic
processes, respectively, which are of the same order with the DNaþ
calculated by EIS (4.03 � 10�12 cm2 s�1) and superior to many re-
ported TMOs-based materials [54e56]. Therefore, the high ion
diffusion coefficient, as well as enhanced electron transfer and
shortened ion diffusion pathways, are responsible for the boosted
pseudocapacitive charge storage [47].

All of the above results indicate that the uf-TMOs@N-CNFs
composites exhibit intriguing mechanical property and robust
electrochemical sodium storage performances. With the formation
of strong PVP-bonded-Mnþ interaction, PVP is employed as an
effective additive to disperse the metal precursors, suppress metal
agglomeration, and control the formation kinetics of TMOs.
Through downsizing of TMOs nanoparticles and strong interfacial
interaction with the conductive N-CNFs substates, the fantastic
nanostructure of uf-TMOs@N-CNFs composites endow them to
mitigate the aggregation and pulverization of TMOs, facilitate
electron/ion transfer, and boost pseudocapacitive charge storage in
the charge/discharge processes. Satisfactory reversible capacity,
excellent rate capability, and durable cycling stability are achieved.
Remarkably, the excellent mechanical flexibility of uf-TMOs@N-
CNFs also demonstrates their great potential for application in
flexible energy storage devices.

4. Conclusion

In conclusion, we demonstrate a facile and general strategy to
fabricate uf-TMOs@N-CNFs as robust and flexible anodes for SIBs.
PVP is proved to be a crucial additive for the controllable synthesis
of ultrafine TMOs nanoparticles intimately encapsulated in N-CNFs
matrix. The intimate interaction between ultrafine TMOs and
conductive N-CNFs substrates can efficiently mitigate the aggre-
gation and pulverization of TMOs, facilitate electron/ion transfer,
and boost pseudocapacitive charge storage, leading to superior
sodium storage performance. For instance, the uf-Fe3O4@N-CNFs
delivers a satisfactory capacity (234.5mA h g�1 at 1 A g�1 after 1000
cycles with pseudocapacitive-controlled contribution of 78.69%),
remarkable rate capability, and durable cycling stability (119.4 mAh
g�1 at 5A g�1 after 5000 cycles). The excellent flexibility of uf-
TMOs@N-CNFs also renders them great potential as anodes for
flexible SIBs. We believe that the present work would provide a
feasible and general method to construct ultrafine TMOs/carbon
composites as advanced electrodes for renewable and flexible en-
ergy storage devices.
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