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ABSTRACT: The craving for lighter, smaller, and longer-lasting
portable devices has driven researchers to explore next-generation
materials for both lithium-ion batteries (LIBs) and sodium-ion
batteries (SIBs). Metal selenides are a notable material family that
exhibits desirable conductivity, stability, and cost-effectiveness.
Moreover, they can provide higher theoretical capacities than that
of a commercial graphite anode. Herein, we report a generalized
synthesis strategy to achieve free-standing metal selenides and
carbon nanofibers composites (MSe@CNFs) as anodes for LIBs and
SIBs by using facile electrospinning. The composites have active
nanoparticles embedded in each carbon nanofiber, and the carbon
nanofibers intertwine with each other to form a 3D nanofiber
network. The structure−property−performance relationship of metal
selenides (MSe, M = Sn, Fe, Ni, Cu) embedded in CNFs were thoroughly investigated in the LIBs system. The one-step prepared
free-standing anodes show a high specific capacity as well as good rate capability and cycle stability. The good performance is
ascribed to the high electron conductivity originating from the N-doped carbon nanofiber network, fast electrolyte penetration
through interfiber voids, and accommodation of volume change enabled by the carbon encapsulation of nanoparticles. Additionally,
the absence of the binder, additive carbon, and current collector not only reduces the weight of the anode but also eliminates the
uncontrollable structure formation from the slurry coating method. Postmortem analysis further confirms the robust structural
stability of these rationally designed composites. When the application is extended to SIBs, the composites also demonstrate great
potential. In short, free-standing MSe@CNFs composites show great promise for the next generation of flexible and lightweight
batteries that are crucial for various emerging applications.
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1. INTRODUCTION

During the past decade or so, the ever-growing electric vehicle
and portable electronic sectors have significantly driven the
development of lightweight, high-energy-density, and long-
lifespan batteries.1−3 The widely used lithium-ion batteries
(LIBs) are limited by the capacity of electrode materials as well
as the scarcity of resources (i.e., lithium and cobalt).4−6

Particularly, graphite is the current commercial anode material
for LIBs, but exhibits a low theoretical capacity of 372 mA h
g−1 for LIBs and 35 mA h g−1 for sodium-ion batteries (SIBs).7

To address these challenges, much has been done to develop
new anode materials for LIBs and explore batteries beyond
lithium. Low-cost and earth-abundant sodium has physical and
chemical properties akin to lithium. Hence, the designed
materials will also be evaluated for their potential in SIBs.
Compared to graphite, metal oxides, sulfides, and selenides

have gained increasing attention because of their higher

theoretical capacity and flexible chemistry.8−13 Among them,
metal oxides generally suffer large volume expansion and poor
conductivity.14 Metal sulfides have poor life cycles because of
the shuttling effects caused by the generation of polysulfides.15

As for metal selenides, they present better electronic
conductivity compared to metal oxides and sulfides because
of smaller band gaps.16,17 The 3d orbital of Se could participate
in bonding with metal atoms because of its energy level being
close to the 3s and 3p orbitals. Such electron structure leads to
more metallicity in transition-metal selenides compared to that
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of metal sulfides, which is beneficial for electron transport and
reaction occurrence.18 These advantages indicate metal
selenides could potentially manifest good electrochemical
performance. Lots of efforts have been devoted to studying
the electrochemical properties and performance of metal
selenides as battery anode materials.19 Carbon matrixes are
often incorporated to metal selenides, allowing for accom-
modation of the volume change, and further enhancing the
electrical conductivity. For instance, Huang et al. incorporated
SnSe2 quantum dots with reduced graphene oxide as an anode
for LIBs, which delivered an excellent rate capacity of 778.5
and 324.5 mA h g−1 at 50 and 5000 mA g−1, respectively.20

Wang’s group reported a yolk−shell FeSe@C nanobox with
871.6 mA h g−1 up to 250 cycles in LIBs at 1 A g−1.21 Gao et al.
synthesized NiSe of varied morphologies with N-doped carbon
encapsulation for LIBs, which demonstrated good electro-
chemical performance (279 mA h g−1 at 2 A g−1 for up to 150
cycles).22 Metal selenides were also found to be promising for
SIBs. Microflower-like FeSe@carbon nanosheet composites
showed a specific capacity of 214.6 mA h g−1 with a high
capacity retention of 99.9% after 140 cycles at 1 A g−1.23 Dong
et al. proposed a FeSe2@C microspheres electrode with a
capacity of 428 mA h g−1 after 1000 cycles.24 A 3D pollen-
scaffolded NiSe@MOF-derived carbon shell reported by Su et
al. for Na+ storage achieved a capacity of 598.2 mA h g−1 after
100 cycles at 200 mA g−1.25 Overall, great progress has been
achieved in metal selenides as battery anode materials.26,27

However, most reported work focuses on one specific metal
selenide and requires tedious synthesis methods. The obtained
materials are often in a powder form, still requiring slurry
coating steps for electrode preparation. The slurry coating
method has an inactive binder and conductive carbon added to
active materials. These additives as well as current collectors do
not contribute to the capacity, instead only add extra weight
and cost to the electrode.28 Moreover, the slurry-based
electrodes tend to form undesired interfaces, uncontrollable
microstructure, and limited surface area.29,30 Therefore, it is of
great interest to develop free-standing anode materials that
bypass the slurry coating procedure and significantly reduce
the weight of batteries with no binder, extra conductive
materials, and current collectors involved.
Herein, we report a general facile and scalable electro-

spinning approach with a subsequent heat treatment to
fabricate a series of metal selenides and carbon composites
as free-standing anode materials without binder. Specifically,
metal selenides (MSe, M = Sn, Fe, Ni, and Cu) embedded in a
carbon nanofiber network (MSe@CNFs) were prepared and
directly used as anodes in LIBs and SIBs. The prepared
materials have the following advantages: (i) instead of the
multistep preparation, electrospinning with subsequent heat
treatment can directly incorporate active metal selenides into
nitrogen-doped carbon nanofibers matrixes as free-standing
electrodes, eliminating additives and bypassing the slurry
coating steps;31,32 (ii) intertwined 3D carbon nanofibers
networks act like highways for electron transfer. The numerous
interfiber voids provide an easy access of the electrolyte to
active sites as well as accommodate volume expansion during
cycling;33 (iii) not only does the structure of metal selenide
sites embedded in the fiber help avoid agglomeration of active
materials, but also the nanosized feature shortens the pathway
of Li- or Na-ion diffusion and thus promotes ion-transfer rate
and reaction kinetics.34−36 With these advantages, the designed
MSe@CNFs demonstrate highly stable cyclability and robust

rate performance in LIBs as well as great potential for SIBs.
This facile synthesis approach provides a promising way to
fabricate lightweight and high-performance metal selenides
materials for battery applications.

2. EXPERIMENTAL SECTION
Synthesis of MSe@CNFs. N,N-Dimethylformamide (DMF, ACS

grade, VWR), nickel(II) acetate tetrahydrate (Ni(OCOCH3)2·4H2O,
98%, Sigma-Aldrich), tin(II) acetate (Sn(OCOCH3)2, Sigma-
Aldrich), iron(II) acetate (Fe(OCOCH3)2, 95%, Sigma-Aldrich),
Copper(II) acetate hydrate (Cu(OCOCH3)2·xH2O, 98%, Sigma-
Aldrich), selenium (Se, ≥99.5%, powder 100 mesh, sublimated, Alfa
Aesar), polyacrylonitrile (PAN, average Mw 150 000, Sigma-Aldrich)
were used directly without further purification.

In a typical procedure, 0.5 g of PAN was dissolved in a 5 mL DMF
solvent at 80 °C overnight to obtain a homogeneous PAN solution.
Then 2.3 mmol of metal acetate was added to the above solution and
stirred for 1 h, followed by the addition of 0.5 g of selenium powder
into the solution. The precursor solution was well dispersed through
ultrasonication and vigorous stirring.

The degassed precursor solution was then loaded into a syringe and
fitted in a syringe pump (Harvard apparatus, USA). Electrospinning
was carried out to make the fresh metal acetate/Se/PAN fiber mats,
whereas DMF solvent evaporated simultaneously during this process.
The electrospinning parameters, including a needle gauge, voltage,
infusion rate, and the distance between the needle and aluminum foil
collectors, were fixed at 20-gauge, 17.5 kV, 12 μL min−1, and 15 cm,
respectively. The obtained fiber mats were carefully peeled off from
the grounded metal collector and transferred into a tube furnace for
heat treatment. The fiber mat was annealed at 700 °C for 1 h under a
nitrogen atmosphere with a ramp rate of 5 °C min−1 to yield MSe@
CNFs.

Characterizations. Morphological analysis of MSe@CNFs was
performed by using Tescan Mira3 field-emission scanning electron
microscopy and FEI F20 field-emission scanning transmission
electron microscopy operating at 200 kV. The crystal structural
characterizations were determined by recording diffraction patterns of
the samples using an X-ray diffractometer (Rigaku D/Max2500) with
a Cu Kα X-ray source at a scanning speed of 3° min−1 at a 2θ range of
10−80°. The carbon content was determined by thermogravimetric
analysis (TGA). TGA samples were analyzed in an air atmosphere
from room temperature to 800 °C with a ramp rate of 10 °C min −1.
X-ray photoelectron spectroscopy (XPS) measurements were
performed with an Al Kα X-ray source.

Battery Preparation and Electrochemical Measurement.
The obtained free-standing MSe@CNFs were cut into the desired
shape and weight and directly used as anode electrodes for LIBs and
SIBs. For LIBs, the electrochemical performance of the electrodes was
investigated in CR2032 coin cells using lithium metal foil as the
counter and reference electrodes in half cells and commercial-grade
LiFePO4 as the cathode (MTI Corporation, USA) for the full cell.
Celgard 2400 was used as the separator. LiPF6 (1 M) in a mixture of
ethylene carbonate/dimethyl carbonate/diethyl carbonate (EC/
DMC/DEC, 1:1:1 in volume) solution was used as the electrolyte.
For SIBs, sodium metal foil was used as counter and reference
electrodes and glass fiber paper as separator. 1 M NaPF6 in a mixture
of ethylene carbonate/diethyl carbonate (EC/DEC 1:1 in volume)
solution was the electrolyte. All the coin cells were assembled in an
argon-filled glovebox with an oxygen and water content level lower
than 1 ppm. Cyclic voltammetry was measured with a STAT III
electrochemical workstation (Princeton Applied Research, USA) at a
scan rate of 0.2 mV min−1 in the voltage window of 0.05−3 V versus
lithium (vs Li+/Li) for LIBs and in the voltage window of 0.005−2.5
V versus sodium (vs Na+/Na) for SIBs. The galvanostatic charge/
discharge measurements were performed by using a Landt battery
testing system in the voltage window of 0.05−3 V (vs Li+/Li) and
0.005−2.5 V (vs Na+/Na) for LIBs and SIBs, respectively.
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3. RESULTS AND DISCUSSION

The synthesis procedure is schematically illustrated in Figure
1a. In general, PAN/DMF polymer solution is prepared first,
and then a certain amount of metal acetates are dissolved in
the solution. Subsequently, selenium powder is uniformly
dispersed into the solution via stirring and ultrasonication.
Fresh MSe@CNFs nanofiber mat is prepared via electro-
spinning of the precursor solution. The as-spun fiber mats are
then annealed in nitrogen to obtain free-standing MSe@CNFs
(digital images in Figure S1, Supporting Information). During
the heat treatment, selenium and metal acetates react with each
other to form MSe nanoparticles. Meanwhile, PAN polymer
backbones are converted to carbon nanofibers that intertwine
with each other and form a unique 3D network structure.
The obtained samples are then subjected to XRD analysis

for the study of their phase and crystallinity. The XRD patterns
of the samples are shown in Figure 1b with all the major peaks
labeled. As can be seen, the characteristic peaks of each sample
can be well indexed, corresponding to SnSe (JCPDS No. 48-
1224), NiSe (JCPDS No. 02-0892), Cu2Se (JCPDS No. 29-
0575), and FeSe (JCPDS No. 75-0608), respectively. No
selenium peak is observed, indicating the excess selenium is
sublimated during the annealing process. Through TGA
analysis (Figure S2), the weight percentages of SnSe, FeSe,
Cu2Se, and NiSe in the MSe@CNFs composites are
determined to be 44.38%, 49.84%, 32.31%, and 49.41%,
respectively.
XPS is conducted to further understand the surface

composition and chemical states of the samples. The full
survey of SnSe@CNFs is shown in Figure 1c where Sn 3d, C
1s, Se 3d, and O 1s can be identified. The presence of O 1s
may be due to unavoidable surface oxygen absorption when
exposed to air and partial oxidation of surface MSe. In Figure
1d, the observed peaks at ∼495.4 and ∼486.9 eV are identified
as the Sn 3d3/2 and Sn 3d5/2 orbital peaks.29,37 A typical
characteristic peak separation of ∼8.5 eV is also observed.37,38

In Figure 1e, the peak at 55.8 eV originates from the Se in
SnSe,39 whereas the peak observed at 59.2 eV is associated

with Se4+, which could be due to the surface oxidation during
sample handling.40 Figure 1f shows the high-resolution C 1s
spectrum of SnSe@CNFs. The peaks at 284.6, 285.3, and
286.5 eV correspond to the C−C, C−N, and CN bonds,
respectively.41 The existence of N originates from the self-
doping from nitrogen-containing PAN precursor.42,43 N-doped
carbon is well-known to promote electronic conductivity
because of the numerous N-doping-induced π-conjunctions
among carbon.44 Additionally, N-doping could introduce some
surface defects that could enhance the exposure of more active
sites.45 The FeSe@CNFs XPS full survey is shown in Figure
S3a, demonstrating the coexistence of Fe, C, and Se elements.
Figure S3b shows the Fe 2p spectrum where the two strongest
peaks at 710.5 and 724.7 eV correspond to the Fe 2p1/2 and Fe
2p3/2 spin−orbits of Fe2+, respectively. The peak appearing at
713.5 eV is the satellite peak. The peak at 712.0 eV is ascribed
to Fe3+.46 The Se 3d peak in Figure S3c shows the peaks at
58.0 and 55.0 eV, corresponding to Se 3d5/2 and Se 3d3/2
spin−orbits, respectively.46 The peak at 58.9 eV corresponds to
the Se−O bond.47 The full survey of the NiSe@CNFs sample
is presented in Figure S3d with the presence of Ni 2p, C 1s, Se
3d, and O 1s peak. The Ni 2p spectrum (Figure S3e) shows
Ni2+-originating peaks including the major peaks at 855.4 and
873.2 eV, and other shake-up satellite peaks.48,49 In Figure S3f,
the Se 3d peaks of NiSe@CNFs at 53.9 and 54.9 eV represent
Se 3d3/2 and Se 3d5/2, respectively.

50−52 Moreover, there is a
small peak at approximately 58.9 eV that is due to a trace of
surface oxidation of the sample.49 The full survey spectrum of
Cu2Se@CNFs is demonstrated in Figure S3g. The Cu 2p
spectrum in Figure S3h shows the binding energies of Cu 2p3/2
and Cu 2p1/2 from Cu2Se around 932.6 and 952.4 eV,
respectively.53 The presence of small shoulder peaks at 933.7
and 953.2 eV from Cu2+ is related to partial oxidation on the
surface.54,55 The Se 3d of Cu2Se@CNFs in Figure S3i has the
peaks among 54.8 and 56.6 eV from Se2−.56 Partial oxidation of
the surface particles is indicated by the Se−O bond peak at
58.5 eV.57

The morphology and structure of MSe@CNFs samples are
examined by SEM and TEM. Figure 2a−e displays the SEM

Figure 1. (a) Schematic illustration of the synthetic procedure of MSe@CNFs; (b) XRD pattern of MSe@CNFs; (c) full survey of SnSe@CNFs;
(d−f) high-resolution XPS spectra of Sn 3d, Se 3d, and C 1s of SnSe@CNFs.
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images of SnSe@CNFs, Cu2Se@CNFs, NiSe@CNFs, and
FeSe@CNFs. As expected, all samples have the morphology of
nanofibers. No obvious metal selenide agglomerates or loose
particles are observed in the samples. The carbon nanofibers
intertwine with each other and form a three-dimensional
network that can serve as a fast highway network for electron
transfer. There are also plenty of empty spaces at the
micrometer scale among the 3D network, which benefits the
electrolyte penetration and fast ion transfer. In detail, the
SnSe@CNFs sample presents a relatively smooth surface along
the carbon nanofibers with no obvious particles observed. It
could be the tin precursor annealing synthesis tends to
generate ultrafine tin-based particles that are usually too small
to observe at this magnification.29,58 In contrast, FeSe@CNFs
sample has some relatively large particles dispersed sparsely on
the surface, whereas the NiSe@CNFs and Cu2Se@CNFs
samples have plenty of small particles densely packed along the
carbon nanofiber. To observe the inner structures of the fiber,
microtomed samples are examined with TEM further.
Microtomed images of the FeSe@CNFs sample shown in
Figure 2f,g are used as an example for demonstration. Both the
longitudinal and cross-sectional images show most of the
nanoparticles are densely packed inside the fibers. Only a few
particles protruded out of the carbon nanofibers surface, in
agreement with the SEM observation. Microstructures having
nanoparticles firmly embedded in the carbon nanofiber
matrixes can avoid agglomeration and greatly alleviate the
stress from volume expansion during cycling. Figure 2h
presents the EDX mapping of the FeSe@CNFs sample. Fe
(teal) and Se (purple) elements can be observed and mostly
overlap with each other, further indicating the formation of
metal selenide. In addition, N (green) element doping can be
clearly observed, which could benefit the electrical conductivity
of the sample. Though carbon (red) forms the backbone of the
sample, it is not clearly presented. It is due to the surface
coverage of the metal selenide. The trace of O (blue) could be
due to either adsorption of oxygen on the sample surfaces or
partial oxidation of the sample surface during sample handling.
These EDX results are in good agreement with the XPS results.

Cyclic voltammetry (CV) measurements were conducted to
study the Li+ storage behavior in a MSe@CNFs electrode. The
first three CV curves of the SnSe@CNFs electrode tested at a
scan rate of 0.2 mV s−1 are shown in Figure 3a. During the first
sweep, the cathodic peak at 1 V can be ascribed to the
conversion of SnSe to metallic Sn and Li2Se (SnSe + 2Li+ +
2e− ↔ Sn + Li2Se). The peak located around 0.4 V is
attributed to the alloying reaction between Sn and Li+ to form
the LixSn alloy (Sn + xLi+ + xe− ↔ LixSn).

58−60 The oxidation
peaks around 0.7 V are attributed to the multistep dealloying
processes.60 The oxidation peaks at 1.8 V could be attributed
to the formation of SnSe.61 After the first cycle, the following
sweeps overlap well with each other, suggesting the good
reversibility of the SnSe@CNFs anode material. The CV
curves of other MSe@CNFs samples are shown in Figure S4a−
c. The detailed discussion is available in the Supporting
Information. Figure 3b presents the galvanostatic charge/
discharge profile of the SnSe@CNFs electrode at 0.3 mA g−1.
There is an obvious voltage plateau at the first discharge curve,
corresponding to the conversion of SnSe and the formation of
solid electrolyte interphase (SEI) layers. An initial Coulombic
efficiency (CE) of 72.6% is obtained. The mediocre initial
Coulombic efficiency is due to the formation of SEI layers that
lead to irreversible consumption of lithium ions. There is no
significant decrease of capacity from the second to third cycle,
suggesting good reversibility after the initial irreversible
capacity loss. It is in good agreement with the CV result.
The CEs of the second cycle and third cycle rise to 96.6% and
98.5%. Afterward, it approaches 100% and remains near 100%
(Figure 3c), confirming good reversibility during the cycling
process.
The long-term cycle performance of the MSe@CNFs as a

lithium anode electrode was evaluated at the current density of
0.3 A g−1 for up to 80 cycles, shown in Figure 3c. The SnSe@
CNFs, FeSe@CNFs, Cu2Se@CNFs, and NiSe@CNFs electro-
des exhibit an initial irreversible capacity of 828.2, 739.1, 631.6,
and 641.8 mA h g−1, respectively. After 80 cycles, the SnSe@
CNFs deliver a specific capacity of 578 mA h g−1 with a 96%
retention of the second discharge cycle. The discharge
capacities after 80 cycles for FeSe@CNFs, Cu2Se@CNFs,

Figure 2. SEM images of (a) SnSe@CNFs; (b) Cu2Se@CNFs; (c) NiSe@CNFs; (d) FeSe@CNFs; (e) higher-magnification SEM image of
FeSe@CNFs; (f)cross-section TEM image of FeSe@CNFs; (g) longitudinal TEM image of FeSe@CNFs; and (h) overlapping EDX mapping
image of FeSe@CNFs.
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and NiSe@CNFs are 563, 362, and 314 mA h g−1 with a
retention of 120%, 100%, and 98% of the second cycle,
respectively. The slight capacity increment of the samples can
be ascribed to the gradual activation of the electrode materials,
which is frequently observed in transition-metal-based anode
materials.62−64 The above results demonstrate the good
stability of the rationally designed MSe@CNFs electrode
that possesses a robust structure to effectively buffer the stress

of the volume change during the repeated lithiation and
delithiation process.
Beside the cycle stability, good rate performance is also

favorable for practical applications. Figure 3d presents the rate
performance of the MSe@CNFs electrode, where the SnSe@
CNFs electrode delivers a 10th cycle capacity of 614.0, 602.8,
580.2, and 507.4 mA h g−1 at 0.2, 0.4, 0.6, and 1 A g−1,
respectively; the FeSe@CNFs electrode provides a 10th cycle
capacity of 461.5, 423.8, 418.0, and 411.1 mA h g−1 at 0.2, 0.4,

Figure 3. (a) CV profiles of the SnSe@CNFs electrode; (b) galvanostatic charge−discharge profiles of the SnSe@CNFs electrode at 300 mA g−1;
(c) cycle performance of the four samples at a current density of 300 mA g−1; (b) rate performance of the four samples; (e) CV curves and
contribution ratios of the capacitive charge of SnSe@CNFs electrode versus scan rate.
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0.6, and 1 A g−1, respectively. When the current density is
decreased from 1 to 0.2 A g−1, the capacities of SnSe@CNFs
and FeSe@CNFs electrodes can rapidly go back to 634.8 and
481.2 mA h g−1, indicating robust rate capability. Meanwhile,
other MSe@CNFs electrodes show slightly lower capacities
but a good ability to rapidly recover capacity from high current
density cycling. The good rate performance could be attributed
to the rationally designed structure that can promote fast Li+

ion and electron transport. The well-designed 3D network
allows the electrolyte to easily access the active materials
through large voids as well as fast electron transfer enabled by
the interconnected N-doped carbon fibers.
To further understand the lithium storage mechanism of the

MSe@CNFs electrodes, stepwise CV measurements (0.2−1 V
s−1) were carried out. The relationship of the measured current
as a function of potential, pseudocapacitive current, and
diffusion-controlled current can be described with eq 1
according to Brezesinski et al.:65

ν ν= +i V k k( ) 1 2
1/2

(1)

where i(V) is the total current at the measured potential V, k1
and k2 are constants that can be determined by stepwise CV
measurements, and ν is the scan rate. Thus, the contributions
of each process can be quantitatively evaluated. The data was
fit by online K-1 tool software to determine the k1 and k2
value.66 The fitting results of the SnSe@CNFs electrode are
shown in Figure 3e, where the inner region represents the

pseudocapacitive contribution at different scan rates. The
contribution ratio of pseudocapacitance is 50%, 55%, 59%,
65%, and 69% at 0.2, 0.4, 0.6, 0.8, and 1 mV s−1, respectively.
The results indicate that pseudocapacitive contributions are
dominant and increase with the increase of the scan rate. This
phenomenon could be due to the unique structure having
numerous macrospores, allowing fast ion transfers to active
sites as well as an integrated fast transfer network for
electrons.67 Conversely, the diffusion contribution decreases
while the sweep rate increases, likely attributed to the increased
ohmic resistance.68

The as-prepared materials are also explored in an SIB
system. Figure 4a shows the cycle performance of the MSe@
CNFs materials at a high current density of 1 A g−1. The
SnSe@CNFs, FeSe@CNFs, Cu2Se@CNFs, and NiSe@CNFs
electrodes exhibit an initial irreversible capacity of 451.1, 430.6,
364.9, and 292.2 mA h g−1, respectively. The SnSe@CNFs
delivers a capacity of 186.7 mA h g−1, with a retention of 65%
of the second cycle after 50 cycles. Meanwhile, the FeSe@
CNFs electrode shows a 62% retention and 144.1 mA h g−1 at
the 50th cycle. Other MSe@CNFs electrodes show lower but
very stable capacities at a high current density up to 50 cycles.
Such cycle performance at a high current density with low
capacity fading over 50 cycles indicates these MSe@CNFs are
highly promising to the SIBs system.
The Na+ storage behavior was also investigated by CV

measurements. The first three CV curves of the SnSe@CNFs

Figure 4. (a) SIB cycle performance of the four samples at a current density of 1 A g−1; (b) CV profiles of the SnSe@CNFs electrode; (c) CV
curves and contribution ratios of the capacitive of SnSe@CNFs electrode charge versus scan rate.
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electrode are shown in Figure 4b. The large cathodic peak at
0.7 V in the first sweep can be ascribed to the conversion
reaction of SnSe to Sn and Na2Se (SnSe + 2Na+ + 2e− ↔ Sn +
Na2Se) and the formation of the SEI layer.37 The broad peak
below 0.5 V are usually ascribed to the progressive process of
Na−Sn alloying reaction (Sn + xNa+ + xe− ↔ NaxSn).

69 The
oxidation peaks around 0.3−0.7 V during all anodic scan
processes can be assigned to the multistep dealloying reaction
from NaxSn to Na−Sn intermediates and the final metallic
Sn.58 The oxidation peaks located at above 1.1 V are attributed
to the extraction of Na+ and reaction of Sn to SnSe.58,70 In the
subsequent scans, the two cathodic peaks shift to around 0.7
and 1 V, which could be described as the conversion and
alloying reactions.58,70 After the initial cycle, the following
cycles overlap well with each other, indicating good
reversibility of the electrode. The CV curves of other MSe@
CNFs samples are shown and discussed in the Supporting
Information (Figure S4d−f).
The sodium storage mechanism was also investigated by the

stepwise CV measurements at different scan rates. Capaci-
tance-controlled contribution at different scan rates is
quantitatively calculated by the same method mentioned
above. Figure 4c displays the contribution of the SnSe@CNFs
electrode pseudocapacitance contribution, which are 72%,
76%, 80%, 83%, and 86% at 0.2, 0.4, 0.6, 0.8, and 1 mV s−1,
respectively. The result shows the pseudocapacitance is also
the dominant form of sodium storage for the SnSe@CNFs
anode electrode, similar to that found in a previous report.71 At
the different scan rates, a lower diffusion capacitance ratio is
observed, in comparison with that in the LIBs system. The
larger radius of the Na+ ion (1.02 vs 0.76 Å of Li+ ion) may

lead to relatively sluggish reaction kinetics of sodiation/
desodiation through the metal selenide electrode in SIBs, in
comparison with the rapid lithiation/delithiation process in
LIBs.72

Among all the tests, SnSe@CNFs exhibited the best
performance among the four electrodes. It was therefore
selected for further exploration of the long-term cyclic stability
and full-cell performance in LIBs. As shown in Figure 5a, the
SnSe@CNFs exhibits an initial capacity of 744.1 mA h g−1 at a
high current density of 1 A g−1. After 400 cycles, the electrode
still maintains a capacity of 326.8 mA h g−1 with 83.3%
retention compared to the second cycle. The full cell was
assembled with commercial LiFePO4 electrode (MTI Corpo-
ration, USA) as the cathode and SnSe@CNFs as the anode
with an N/P ratio of ∼1.1. Testing voltage of the full cells
ranged from 0.5 to 4 V with a 0.1 A g−1 current density.
Calculations are based on the anode mass; the cell exhibits a
high initial charge capacity of 770.3 mA h g−1 with an initial
CE of 72.0%. After 20 cycles, the reversible charge capacity is
still maintained at 426.4 mA h g−1 with nearly 100% CE,
showing relatively good reversibility.
Overall, the as-prepared MSe@CNFs demonstrates good

cyclability and rate performance in both LIBs and SIBs. The
good electrochemical performance is attributed to their unique
structure. For further evaluation of their structural stability,
postmortem examination was performed. The lithium cells
after cycling were disassembled in glovebox and imaged by
SEM. The digital picture of the cycled FeSe@CNFs electrode
is shown in the inset of Figure 6a. As can be seen, the cycled
electrode still maintains its original appearance without visible
breakage or cracks. The SEM images in Figure 6a,b shows the

Figure 5. Cycling performance of (a) SnSe@CNFs in a half cell at 1 A g−1 for 400 cycles; (b) SnSe@CNFs//LiFePO4 in a full cell at 0.1 A g−1.

Figure 6. SEM images of FeSe@CNFs electrode (a) after 50 cycles; the inset is the digital picture of the cycled sample. (b) High-magnification
image of the sample.
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electrode still maintains the intact fibrous morphology of a
continuously interconnected 3D network after 50 cycles at the
current density of 300 mA/g. The SEM images of SnSe@
CNFs electrode after 50 cycles and 400 cycles at a high current
density of 1 A/g are shown in Figure S5; the fibrous
morphology is also maintained. The fibers of the electrode
seem bigger in diameter after 400 cycles, which could be
ascribed to the continuous formation of the SEI layer. Overall,
the well-maintained 3D fiber structure and unbroken individual
fibers indicate the remarkable structural stability of the MSe@
CNFs electrode.

4. CONCLUSIONS
In summary, a series of MSe@CNFs binderless, free-standing
electrodes have been successfully prepared by a generalized
approach based on electrospinning and a subsequent annealing
process. The free-standing MSe@CNFs electrodes were
thoroughly investigated, showing promising electrochemical
cyclability and rate capability in both LIBs and SIBs systems.
The enhanced performance is achieved by the well-designed
composite structure that is capable of promoting the ionic and
electronic transport and alleviating the stress resulting from the
volume change during repeated charging and discharging
processes. The results reported here indicate the generalized
method is highly promising to prepare binderless, free-standing
metal selenides and carbon nanofibers composites for light-
weight and high-performance batteries.
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