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Free-standing electrodes are promising candidates for flexible rechargeable batteries, toward the appli-
cation of flexible energy storage devices, due to their merits of additive-free, lightweight, and high en-
ergy density. Herein, we report a free-standing SnNb,Og@CSN flexible film with SnNb,0Og encapsulated
in 3D carbon skeleton nanofibers by electrospinning and carbonization processes as flexible anode for
sodium-ion batteries (SIBs). The 3D carbon skeleton nanofibers serve as ion/electron transport pathway
to improve the electrochemical reaction kinetics and meanwhile alleviate the volume changes of SnNb,Og
during charge-discharge processes. The as-constructed half-cell (SnNb,Og@CSN||Na) exhibits excellent cy-
cling stability of 99.2 mAh/g at 0.5A/g after 950 cycles (coulombic efficiency of ~100%) and a high rate
performance of 108.6 mAh/g at 10A/g. In addition, the pouch cell can light up the LEDs at different bend-
ing angles (0°, 90°, 180°). This research shows a promising anode material for flexible energy storage
electronics.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, environmental pollution and fossil energy crisis
have triggered the rapid development of cost-effective energy stor-
age devices. Sodium-ion batteries (SIBs) are considered as promis-
ing candidates to lithium-ion batteries (LIBs) due to their low cost
and abundant resources [1-6]. Nevertheless, due to the ion radius
of Nat (1.02A) is larger than that of Lit (0.76 A), the electrode ma-
terials of SIBs exhibit sluggish kinetics and large volume changes
during Na* intercalation/deintercalation processes [7-10].

To date, the reported anode materials for SIBs include carbon-
based materials [11,12], alloys [8,13], titanium-based materials [14-
16] and organic materials [17]. Among them, niobium-based lay-
ered oxides (e.g., TiNb,07, CuNb,Og, BiNbO,4, SnNb,Og, ZnNb,0Og
and SbNbO4) are considered as the promising anode materials
due to the high theoretical capacity and excellent safety [18-21].
In particular, SnNb,Og with forsterite structure has been widely
used in the field of photocatalytic degradation due to its suit-
able energy band structure, special crystal structure and excellent
chemical stability. In addition, SnNb,Og is a typical layered oxide
with large interlayer spacing, which can provide abundant chan-
nels for the transport of Na ions, so it is expected to be applied
in Na-ion batteries [22,23]. For instance, we have previously fab-
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ricated SnNb,0g@C materials with carbon coating, which displays
an outstanding electrochemical performance (67 mAh/g@10A/g,
102.6 mAh/g@0.5 mA/g after 800 cycles) in SIBs [24]. Huang and
co-workers [21] prepared SnNb,Og/amino-functionalized graphene
composite by self-assembly method as anode material for SIBs,
which presents a high rate performance of 118 mAh/g at 0.8 A/g
and excellent cyclability of 106 mAh/g at 0.5A/g after 1900 cycles.

However, these electrodes were prepared by slurry coating
method, in which binders, conductive agents and active materials
were dissolved in organic solvent and then coated on copper cur-
rent collector. The preparation process is complicated, and the ac-
tive materials are easily detached from the current collector after
multiple folds. To solve above issues, additive- and binder-free flex-
ible electrodes were designed. Flexible electrode is a free-standing
film that integrates current collector and active materials, which is
not only easy to prepare, but also can be used in flexible electronic
energy storage devices. Many flexible substrates, such as graphene
[25], carbon cloth [26-28], carbon nanofibers/nanotubes and so
forth [7,29-34], have been investigated for flexible electrodes. For
example, we have previously reported a free-standing FeP@NPC
electrode with FeP nanoparticles wrapped in nanofibers for flexible
anode, which can be stable working under different folding condi-
tions [29]. Liang and co-workers [35] prepared a self-supporting
composite with NiSe, encapsulated in nanotubes as anode mate-
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Fig. 1. The schematic illustration of the synthesis for free-standing SnNb,0s@CSN
film.

SnNb,O,@PAN

SnNb,O,@CSN

rial, which displays significantly improved electrochemical perfor-
mance. Some studies have reported that free-standing electrodes
can effectively improve the electrochemical performance of batter-
ies, but there are still some problems in the practical application of
flexible energy storage devices. Therefore, designing and develop-
ing more kinds of flexible electrodes can provide more candidates
for the development of flexible electronic devices. As a promising
anode material, SnNb,Og has not been reported as a flexible elec-
trode for SIBs.

Herein, we report a free-standing 3D carbon skeleton nanofiber-
encapsulated SnNb,Og (SnNb,Og@CSN) film as anode material for
SIBs by facile electrospinning and carbonization processes. The
3D carbon skeleton can not only shorten the transmission paths
of electron/ion, improve the electrochemical reaction kinetics, but
also prevent the active material from falling off the current col-
lector during the charge and discharge processes. As expected, the
as-synthesized free-standing SnNb,Og@CSN electrode exhibits high
rate performance of 108.6 mAh/g at 10A/g, and the pouch cell can
still light up the LEDs after being folded several times, displaying
that it is a promising anode material for flexible electronic devices.

As shown in Fig. 1 and Fig. S1 (Supporting information),
the SnNb,Og@CSN film was prepared via multi-steps including
solvothermal process, electrostatic spinning, and high temperature
carbonization (Fig. S2 in Supporting information). Firstly, SnNb,Og
material was synthesized by a classical solvothermal method, and
its color is yellow (Fig. S3a in Supporting information). The mor-
phology of SnNb,Og presents irregular lamellar structure, the
average thickness of SnNb,Og nanosheet is about 40nm (Figs.
2a and b, Fig. S4 in Supporting information). Subsequently, the
SnNb,Og nanosheets were dissolved in polyacrylonitrile (PAN) so-
lution to obtain SnNb,Og@PAN nanofiber film by electrospinning
(Fig. S3b in Supporting information). Finally, SnNb,Og@PAN film
was calcined at 700°C in argon atmosphere to obtain the fi-
nal products (SnNb,Og@CSN). As shown in Fig. 2c, the diame-
ter of SnNb,Og@CSN nanofiber is 300-400nm, and the SnNb,Og
were encapsulated inside carbon nanofibers. The optical images of
SnNb,0g@CSN film in Fig. 2d exhibit the excellent flexibility at dif-
ferent states, indicating that the obtained SnNb,Og@CSN film pos-
sesses good self-supporting flexibility.

The microstructures of the resulting materials were charac-
terized in detail. Figs. 2e and f show the TEM and HRTEM im-
ages of the SnNb,Og. It can be seen that there are distinct
fringes with lattice spacing of about 0.36 nm, corresponding to the
(111) lattice plane of SnNb,Og [36]. Figs. 2g-i illustrate the TEM
and HRTEM images of the SnNb,Og@CSN nanofiber, and it can be
clearly seen that the SnNb,Og were encapsulated in nanofibers.
Moreover, the lattice fringe of SnNb,Og@CSN sample can be ob-
served in Fig. 2i, which is consistent with the structure of SnNb,Og
nanosheet. Energy dispersive spectroscopy (EDS) mapping test was
shown in Figs. 2j-o, it can be seen that carbon, oxygen, niobium
and stannum are distributed in the nanofiber, manifesting that the
SnNb,Og nanosheets were encapsulated in the nanofiber.
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As displayed in Fig. 3a, the XRD pattern shows that all diffrac-
tion peaks of SnNb,Og are good matched with the foordite struc-
tured SnNb,Og (with a typical layered structure, JCPDS No. 84-
1810) and no other impure signals are detected, indicating the
SnNb,Og has high crystallinity. Nevertheless, the diffraction peaks
of SnNb,Og@CSN are relatively weak, which is attributed to the
carbon coating. In addition, the surface elemental composition and
elemental valence states of SnNb,Og@CSN were characterized by
XPS. The survey spectrum of SnNb,Og@CSN film (Fig. 3b) displays
characteristic peaks of carbon, oxygen, niobium and stannum, in-
dicating that there is no impurity in SnNb,Og@CSN. Notably, the
peak intensity of C 1s is significantly stronger than that of other el-
ements, indicating a higher carbon content in SnNb,0g@CSN film.
Fig. 3c shows that the Sn 3d XPS spectrum was split into two
peaks at 495.3 and 486.7 eV, which could be assigned to the Sn
3d3p, and Sn 3ds, of SnNb,Og, respectively [36,37]. The Nb 3d XPS
spectrum in Fig. 3d presents two characteristic peaks located at
209.9 and 207.2 eV, which can be attributed to the spin-orbit peaks
of Nb 3d3;; and Nb 3ds),, respectively, indicating that the chemi-
cal valence state is Nb>*+ [23,38]. The O 1s spectrum displays three
peaks at 530.6, 531.8, and 533.5eV, corresponding to the Nb-O/Sn-
0, C-0, and C=0 bonds, respectively (Fig. 3e) [39]. Fig. 3f shows
that the C 1s spectrum at 284.8, 285.9, and 289.9eV can be as-
cribed to the C-C, C-O and C=0 bonds, respectively, which is con-
sistent with the O 1s results [40]. The XPS spectra of the SnNb,Og
nanosheets are shown in Fig. S5 (Supporting information). In addi-
tion, the SnNb,0g content in SnNb,Og@CSN (~44.7 wt%) was cal-
culated by thermogravimetric analysis (TGA) in Fig. S6 (Supporting
information).

The electrochemical performance of  free-standing
SnNb,0g@CSN electrode for sodium-ion storage behavior was
investigated, half-cell was assembled using sodium metal as the
counter electrode (Fig. 4a). The cyclic voltammetry (CV) tests
were performed in a range of 0.01-3.00V at 0.1 mV/s. Fig. S7a
(Supporting information) shows the first three CV profiles of the
SnNb,0g@CSN electrode, the reduction peaks at 0.22V and 0.40V
in the first discharge cycle should be attributed to the decom-
position of SnNb,Og to Sn and Nb,Og and the establishment
of the solid electrolyte interface (SEI), respectively [41,42]. The
two cathodic peaks located at 0.24 and 0.78V correspond to the
dealloying process of NaxSn [42]. The peaks at 1.29V and 1.54V
are attributed to the extraction/insertion of Na* in the Nb,Os
[43]. It is worth noting that the following CV profiles are almost
coincided, demonstrating the excellent electrochemical reversibil-
ity of the SnNb,Og@CSN electrode. The CV profiles of SnNb,Og
electrode were shown in Fig. S7b (Supporting information), it is
clear that some peaks are present in the CV profiles of SnNb,Og
but not in the CV profiles of SnNb,Og @CSN. For example, a pair of
peaks around 0.05-0.1V are in good agreement with redox peaks
of super P [21,44]. In addition, it can be seen that there are two
weak oxidation peaks around 2.1V and 2.4V in the CV profiles
of SnNb,Og which should be attributed to the reaction between
sodium ion and Cu,0 and CuO thin layer on the surface of the
copper current collector [45,46].

The electrochemical performance of the free-standing
SnNb,O0g@CSN electrode was investigated. The discharge-charge
profiles of SnNb,Og@CSN at the voltage range from 0.01V to
3.00V (vs. Na/Na™) under a current density of 0.05A/g are shown
in Fig. S7c (Supporting information). The SnNb,Og@CSN electrode
displays discharge and charge capacities of 570.0 and 339.1 mAh/g,
respectively, with a coulombic efficiency (CE) of 59.5% in the
initial cycle. A good electrochemical reversibility was achieved
in the following charge-discharge cycles. However, the SnNb,Og
delivers discharge and charge capacities of 520.0 and 291.1 mAh/g,
respectively, with a CE of only 56.0% in the initial cycle (Fig. S7d
in Supporting information). The irreversible capacity loss could be



X. Yin, T Liu, X. Yin et al.

2um
Ml sl

10 nm
f—

Chinese Chemical Letters 34 (2023) 107840

Fig. 2. (a, b) SEM images of the SnNb,Og nanosheets. (c) SEM image of the SnNb,Og@CSN film. (d) Optical photographs of the SnNb,Og@CSN film at different states. The
TEM and HRTEM images of (e, f) SnNb,Og nanosheets and (g-i) SnNb,Og@CSN film. (j-o) Elemental mapping of C, O, N, Sn and Nb for SnNb,0¢@CSN film.
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Fig. 3. (a) XRD patterns of the as-prepared SnNb,O0s@CSN film and SnNb,Og. The XPS spectra of (b) full survey, (c) Sn 3d, (d) Nb 3d, (e) O 1s and (f) C 1s.

ascribed to the formation of solid electrolyte interface (SEI) and
the irreversible reduction of SnNb,Og.

To investigated the cycling stability of SnNb,Og@CSN elec-
trode and SnNb,Og electrode, the cycle testing was carried out
at a current density of 0.05A/g. As shown in Fig. 4b, both ma-
terials exhibit large capacity loss in the first 30 cycles, which
may be related to the formation of solid electrolyte interface
(SEI), the volume change of the electrode material and the irre-
versible reduction of the SnNb,Og during charging and discharg-
ing [47]. The reversible capacity of SnNb,0g@CSN electrode main-
tains at 175.1 mA/g after 240 cycles. While the reversible capac-
ity of SnNb,Og is only 111.1 mAh/g after 240 cycles. Significantly,
the cycling stability of SnNb,Og@CSN electrode is superior to that
of SnNb,Og. The long-term cycling stability of SnNb,Og@CSN was
tested at a high current density of 0.5mA/g. As shown in Fig.
4c, the reversible specific capacity is 99.2mAh/g with a CE of
~100% after 950 cycles, indicating excellent cycling stability of the
SnNb,Og@CSN electrode. In addition, the corresponding charge-
discharge profiles of SnNb,Og@CSN at the 5th, 20th, 100th, 200th
and 500t cycles are shown in Fig. S8a (Supporting information).
While for SnNb,Og electrode, the reversible specific capacity re-

mains at 62.1 mAh/g after 950 cycles (Fig. 4c and Fig. S8c in Sup-
porting information). The rate performance and cycling stability of
the pure carbon nanofibers are shown in Fig. S9 (Supporting in-
formation). Furthermore, the SnNb,O¢ electrode material was ob-
viously detached from the copper current collector after 50 cy-
cles (Fig. S10 in Supporting information). The cross-sectional thick-
ness changes of SnNb,0g and SnNb,Og@CSN electrodes were cal-
culated in Fig. S11 (Supporting information). It can be seen that
the expansion rate for the SnNb,Og is 36.1%. while the thickness
of the SnNb,0g@CSN electrode after 50 cycles is smaller than
that of the initial electrode, which is mainly because the initial
SnNb,O0g@CSN film is relatively fluffy, the SnNb,Og@CSN film be-
comes thinner under certain pressure during cell assembly. In ad-
dition, the SnNb,Og@CSN electrode is loose and porous (Fig. 2c),
which provides a certain space for the volume change of SnNb,0Og
during charge-discharge processes.

The rate performances of the SnNb,Og@CSN and SnNb,0Og ma-
terials at various current densities were displayed in Fig. 4d. The
SnNb,0g@CSN demonstrates the reversible specific capacities of
335.5, 283.9, 265.6, 234.7, 207.4, 174.3, 127.7 and 108.6 mAh/g at
current densities of 0.05, 0.1, 0.2, 0.5, 1, 2, 5 and 10A/g, re-
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Fig. 4. (a) The schematic illustration of the SnNb,Os@CSN||Na half-cell. (b) Cycling stability of SnNb,Og and SnNb,O0s@CSN at 0.05A/g. (c) Long-term cycling stability of
SnNb,O0g@CSN at 0.5A/g. (d) Rate performances of the obtained materials at different current densities from 0.05A/g to 10A/g. (e) Comparison between SnNb,0s@CSN and
other reported niobium-based composites. (f) CV curves of SnNb,Og@CSN at different scan rates. (g) logi vs. logu plots of anodic/cathodic peaks for SnNb,Og@CSN. (h)
Contribution rate of the capacitive and diffusion controlled of the free-standing SnNb,Og@CSN under different scan rates. (i) Nyquist plots of the as-prepared materials. (j)
Na* diffusion coefficients for free-standing SnNb,Os@CSN and SnNb,Og. (k-m) the digital photos of pouch cell lighting up LED at different bending angles.

spectively. In addition, when the current density was returned
to 0.05A/g, the specific capacity of the SnNb,Og@CSN was re-
stored to 308.3 mAh/g. In comparison, the SnNb,Og exhibits the
reversible specific capacities of 277.8, 218.8, 159.8, 113.3, 81.1, 56.7,
36.9 and 37.6 mAh/g at current densities of 0.05, 0.1, 0.2, 0.5, 1, 2,
5 and 10A/g, respectively. Subsequently, the specific capacity was
restored to 216.9 mAh/g when the current density was returned
to 0.05A/g (Fig. 4d and Fig. S8d in Supporting information). No-
tably, the rate capacities of SnNb,Og@CSN are obviously higher
than that of SnNb,Og. Particularly, the rate performance of the
free-standing SnNb,Og@CSN and other reported niobium-based
oxides are compared in Fig. 4e, and the detailed data are sum-
marized in Table S1 (Supporting information). The SnNb,Og@CSN
material exhibits comparable and/or even better specific capaci-
ties than that of other niobium-based oxides [21,48-55]. The ex-
cellent electrochemical performance of SnNb,Og@CSN may be at-
tributed to the following characteristics: (1) The 3D network con-
ductive carbon skeleton (the carbon nanofiber has a large -
conjugated system, which can improve the electrical conductiv-
ity of the SnNb,Og@CSN) can shorten the transmission paths of
ion/electron and improve the electrochemical transport kinetics.
(2) 3D network structure provides abundant internal spaces to al-
leviate the volume expansion of SnNb,Og upon cycling.

To better understand the differences in electrochemical ki-
netics and charge storage mechanism between SnNb,Og and
SnNb,0g@CSN, the CV experiments were performed between
0.01V and 3.00V. Fig. 4f shows the CV curves of SnNb,O0g@CSN
at different scanning rates. The anodic and cathodic peaks are ba-
sically stable when the scan rate increases to 1.2 mV/s. On contrast,
the reduction/oxidation potentials of SnNb,Og are slightly offset as
the scanning rate increases (Fig. S12a in Supporting information).

The current (i) and scanning rate (v) obey the following formula
[51,56]:

i=au? (1)

where a and b are adjustable parameters. the b-value of 0.5 indi-
cates a diffusion-controlled process, whereas b-value of 1 denotes
the surface capacitance process. As shown in Fig. 4g, the b-values
of the anodic and cathodic peaks for SnNb,0g@CSN electrode are
0.92 and 0.94, showing a dominated surface capacitive behavior.
While the b values of the cathodic and anodic peaks for SnNb,Og
are 0.99 and 0.66, respectively, manifesting that the charge stor-
age mechanism is co-controlled by capacitance and diffusion pro-
cess (Fig. S12b in Supporting information). To quantitatively deter-
mine the contribution ratio of capacitance and diffusion-controlled
in SnNb,0g@CSN, the following equation was used [24,57-59]:

i(V) = kjv + kyv'/2 (2)

where i is the total current at a fixed voltage, and k; and k, are
adjustable parameters. As shown in Fig. S12c (Supporting infor-
mation), the CV curve was quantitatively divided into surface ca-
pacitance (k;v) and diffusion-controlled process (k,v'/2). Based
on this, Fig. 4h shows the contribution ratio of capacitance and
diffusion-controlled of SnNb,0¢@CSN at different scanning rates.
It can be seen that 73% of the total capacity comes from the ca-
pacitance contribution at a scan rate of 0.1 mV/s, which gradu-
ally increases from 73% to 92% as the scan rate increases from
0.1 mV/s to 1.2 mV/s. While for SnNb,Og, the capacitance contribu-
tion is only 27% at 0.1 mV/s (Fig. S12d in Supporting information),
which increases up to 59% when the scan rate increases to 1.2 mV/s
(Fig. S12e in Supporting information). Obviously, the capacitance
contribution of SnNb,Og@CSN is significantly higher than that of
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SnNb,Og. The results indicate that the 3D carbon skeleton can im-
prove the capacitive process of SnNb,Og@CSN, which is beneficial
to accelerate the electron/ion transport kinetics.

Electrochemical impedance spectroscopy (EIS) measurement
was carried out to further investigate the charge transfer kinetics
of SnNb,Og and SnNb,Og@CSN. As shown in Fig. 4i, the Nyquist
plots of SnNb,0g and SnNb,Og@CSN both consist of a semicir-
cle in a high frequency region and a straight line in a low fre-
quency region. The semicircle in the high frequency region cor-
responds to the charge transfer resistance (Rc), which is asso-
ciated with the electrode reaction, and the straight line at the
low frequency region represents the Warburg impedance (Zy),
which is associated with the diffusion of sodium ions. Notably, the
Rct of SnNb,Og@CSN (~35.3 2) is significantly lower than that of
SnNb,0g (~53.22), which indicates that the 3D carbon skeleton
can improve the conductivity of SnNb,Og@CSN material.

GITT measurements were used to investigated the electrochem-
ical kinetics. The Na* diffusion coefficients (Dy,+) were calculated
according to the following formula:

2 2
D:i<”BVM) (AES> 3)
T S AE;

where t stands for the relaxation time, s. ng is the mole number
of the active material, mol. V}; denotes the molar volume of the
active material, cm3/mol, S stands for the area of electrode, m?/g.
AE; and AE; can be obtained from the GITT curves. As shown in
Fig. 4j, the Dy,+ values of the SnNb,Og@CSN are stable between
10-? and 10~13 cm?/s. While the Dy,+ values of SnNb,Og (1013~
10~ cm?/s) are obviously lower than that of SnNb,Og@CSN. This
further confirms that the SnNb,Og@CSN with 3D carbon structure
can effectively promote the Na* transmission.

Inspired by the excellent flexibility of the free-standing
SnNb,0g@CSN electrode, the pouch cell was prepared with
NaMNNb as cathode and the as-prepared SnNb,Og@CSN as
anode. Figs. S13a and b (Supporting information) display
the discharge-charge curves and the cycling performance of
NaMNNb//SnNb,Og@CSN pouch cell at 0.05A/g with a voltage
range from 1.5V to 3.9V. In order to verify the practical appli-
cation of the SnNb,Og@CSN electrode in SIBs, as shown in Figs.
4k-m and Movie S1 (Supporting information), the pouch cell can
maintain light up LEDs at different bending angles (0°, 90°, 180°),
which exhibits that the free-standing SnNb,Og@CSN electrode has
great development potential in flexible electronic devices.

In summary, the free-standing SnNb,0g@CSN film with 3D
carbon skeleton was successfully prepared as anode material by
electrospinning and high temperature carbonization. The 3D car-
bon skeleton structure can shorten the transmission paths of
ion/electron, improve the electrochemical reaction kinetics, as well
as solve the issue of active materials detaching from the cur-
rent collector during charging/discharging. Consequently, the as-
prepared free-standing SnNb,Og@CSN exhibits excellent electro-
chemical performance (108.6 mAh/g at 10A/g). The pouch cell can
light up multiple LEDs at different blending angles. The remark-
able electrochemical performance indicates that the free-standing
SnNb,0g@CSN flexible electrode has great development potential
in flexible electronic devices.
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