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Abstract

The use of tin oxide (SnO,) with high theoretical capacity in practical application as the anode material of lithium-ion batter-
ies (LIBs) has been limited due to its large volume expansion and fast capacity decay. To address this problem, we proposed
the synthesis of encapsulating SnO, nanoparticles in the channels of nitrogen-doped carbon nanotubes (SnO,-in-NCNTs)
by capillary force. The confined spaces of NCNTs not only restrict the particle size of SnO,, but also effectively buffer the
volume change during lithiation/delithiation processes. In addition, the conductive NCNTs also ensure the effective contact of
the electrolyte to the electrode surface, facilitating both ion and electron transfer. When applied to LIBs, the SnO,-in-NCNTs
possess high reversible capacities of 961.8 mAh g~! at 0.1 A g~! and 326.3 mAh g~! at 10 A g~!. Moreover, they exhibited
superior cyclic stability with a capacity retention of 96% at 5 A g! after 500 cycles. This work provides a simple and effec-
tive strategy for performance improvement of SnO,-based anode materials.

Keywords Lithium-ion batteries - SnO, - carbon nanotubes - confined synthesis

Introduction

Lithium-ion batteries (LIBs) are the predominant energy
storage devices in modern portable electronic devices and
electric vehicles. However, the traditional graphite anodes
which are limited by a low theoretical capacity of 372 mAh
g~ ! cannot satisfy the next-generation LIBs with higher
energy and power densities.'™ Various alternative materi-
als with high reversible capacity, including metals, alloys,
and metallic oxides/sulfides, have been investigated exten-
sively.** Among them, tin oxide (SnO,) has attracted great

attention in view of its abundance, high theoretical capacity
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(1494 mAh g™') and low working potential.>~!! Neverthe-
less, the practical application of SnO, anode in LIBs is
still impeded by its inherent disadvantages. For instance,
the severe pulverization and serious capacity fading due to
large volume expansion (>300%) during lithiation/delithia-
tion processes lead to rapid capacity fading. In addition, the
SnO, with poor conductivity is not conducive to electron
transmission, which results in poor rate performance.'>""
To conquer these defects, reducing the size of SnO, can
relieve the mechanical stress and thus inhibit the tendency to
fracture and crack.'®!” Furthermore, such design will gen-
erally promote the high reversibility and realize the long
cycling stability of SnO,. Despite partial problems that can
be solved, the intrinsic low conductivity of SnO, still exists.
One effective strategy is to combine nanoscale SnO, with an
electrically conductive carbonaceous matrix. Among these
carbon materials, carbon nanotubes (CNTs) have received
wide attention due to their high electrical conductivity, large
surface area and mechanical stability.'* ! Liu et al.?? syn-
thesized SnO,/carbon nanotube hairball composites with
SnO, nanoparticles homogeneously anchored on the surface
of CNTs, achieving high lithium storage properties and an
excellent high-rate capability. However, the SnO, nanoparti-
cles inevitably fall off from CNTs during long cycles, result-
ing in deterioration of the electrochemical performance.
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Embedding SnO, nanoparticles into carbon nanotubes is a
potential solution to solve such problems. Previous studies
have proved that the wet chemical method utilizing the cap-
illary force is a convenient method to achieve such a struc-
ture.?>~ The capillary effect mainly depends on the inner
diameter of CNTs and surface tension. Guo et al.?® proved
that the addition of polyvinylpyrrolidone (PVP) could
decrease the surface tension, thus increasing the effect of
capillary action to fill the inner hollow cavities with GeO,/
NaCl in an aqueous solution. Therefore, PVP is expected to
be applied to the filling of commercial CNTs with solution.

Herein, we propose a simple strategy to synthesize the
SnO, nanoparticles encapsulated in CNTs by capillary force.
The results reveal that PVP can effectively reduce surface
tension of the PVP/ethanol solution, which is conducive to
solution filling in CNTs. Finally, the SnO,/nitrogen-doped
carbon nanotubes (SnO,-in-NCNTs) were obtained after
a two-step calcination. The conductive NCNTs ensure the
effective contact of the electrolyte to the electrode surface,
facilitating both ion and electron transfer. In addition, the
confined space of NCNTs restricts the particle size of SnO,.
Moreover, there are sufficient void spaces between the adja-
cent particles in the NCNTs, which can accommodate the
volume change of SnO, during the lithiation/delithiation
processes. Consequently, the resulting SnO,-in-NCNTs
exhibit enhanced cycling stability (483.6 mAh g~! after 500
cycles at 5 A g7!) and better rate performance (326.3 mAh
g 'at 10 A g7!) in comparison with SnO, nanoparticles dis-
persed on the surface of the same CNTs (SnO,-out-NCNTs).

Experimental
Materials

Multiwalled carbon nanotubes with 5-10 nm inner diam-
eter were purchased from Aladdin, polyvinylpyrrolidone
(PVP, My, =10,000) was purchased from Adamas, stan-
nous chloride dihydrate (SnCl,-2H,0, 99%) was purchased
from Adamas, and absolute ethanol (EtOH, >99.7%) was
purchased from Greagent. All the chemicals and reagents
were used without any further processing.

Synthesis of Sn0,-in-NCNTs, Sn0,-out-NCNTs,
Sn0,-in-CNTs

Typically, 100 mg of CNTs and 30 mg of PVP were dis-
persed in 100 mL of absolute ethanol. After sonication for
1 h, 40 g of SnCl,-2H,0 was added into the above solution
and stirred for 10 h. The mixture was further filtered and
washed with ethanol solution. Then, the precipitates were
dried in an oven at 60°C for 12 h. Subsequently, the dried
precipitates were pyrolyzed in a tube furnace at 400°C for
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2 h under Ar atmosphere (ramp rate: 5°C min~"), and then
heated under 500°C in NH; atmosphere and maintained for
0.5 h. Afterwards, the system was naturally cooled to room
temperature, forming the product of SnO,-in-NCNTs. As a
control, the SnO,-out-NCNTs were prepared by the same
process without addition of PVP, while the SnO,-in-CNTs
were obtained without the subsequent NH; atmosphere
annealing compared with the preparing processes of
SnO,-in-NCNTs.

Characterization

The morphology and structure of the samples were charac-
terized with a field-emission scanning electron microscope
(SEM, FEI Nova NanoSEM 450) and a transmission elec-
tron microscope (TEM, FEI Talos F200s). X-ray diffraction
(XRD) was analyzed by Bruker D8 Advance x-ray powder
diffractometer using Cu Ka (A=0.154 nm) radiation oper-
ated at 40 kV and 40 mA. The content of SnO, in the com-
posites was determined by thermogravimetric (TG) analysis
on a Netzsch STA449F5 simultaneous thermal analyzer. The
ex situ Raman spectra were obtained by an iHR550 Raman
microscope with a 532-nm laser. Brunauer—Emmett—Teller
(BET) specific surface area was obtained from N, isotherms
by using a Micromeritics ASAP 2010 analyzer. X-ray photo-
electron spectroscopy (XPS) was performed with a Thermo
Scientific EscalLab 250Xi spectrometer using an Al Ko x-ray
source (hv=1468.6 eV) to detect the surface chemical states.
The oxygen vacancy concentration was characterized using
electron paramagnetic resonance (EPR) was obtained on a
100G-18 KG/EMX-8/2.7 (Bruker).

Electrochemical Measurements

To prepare the working electrodes, 80% active material, 10%
carbon black and 10% poly(vinyldifluoride) were homogene-
ously mixed in N-methyl-2-pyrrolidinone solvent. Then, the
resultant slurry was uniformly coated on Cu foil and dried
at 120°C for 12 h under vacuum conditions. The loading of
active materials is 0.8—1 mg cm~2 and the electrochemi-
cal properties of the as-prepared electrodes were measured
using coin-cell batteries (CR2016) assembled in an Ar-filled
glove box with lithium foil as the counter electrode and poly-
propylene membrane (Celgard 2400) as the separator. The
electrolyte was 1 M LiPF, (1 M) in a mixture of ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 in volume)/5
wt% fluoroethylene carbonate (FEC). The cycled electrodes
were first washed by DMC solvent and then dried at 100°C
for 2 h for characterization. Galvanostatic charge—discharge
experiments were conducted in the voltage range of 0.01 to
3V (vs. Lit/Li) by a LAND CT2001A battery tester over
a series of specific current densities at room temperature.
The cyclic voltammetry (CV) measurements (at various
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scanning rates from 0.2 to 1.0 mV s~!) and electrochemi-
cal impedance spectroscopy (EIS) over a frequency range
from 100 kHz to 0.01 Hz were obtained with an Autolab
PGSTAT302N electrochemical workstation.

Results and Discussion

Figure 1 schematically illustrates the synthesis of
Sn0O,-in-NCNTs via the wet chemistry method. Typi-
cally, the PVP was first introduced into the ethanol solu-
tion with CNTs evenly dispersed to reduce the surface ten-
sion and thus ensure the adequate wettability of CNTs. The
SnCl,2H,0 was then added into the above solution with
constant stirring, and the SnCl,/PVP mixed solution was
infiltrated into the tube of CNTs through capillary force.
Finally, the as-prepared precursor was pyrolyzed by a two-
step process in a tube furnace to obtain the SnO,-in-NCNTs.
During the annealing process under an NH; atmosphere, the
CNTs were doped with nitrogen successfully. As a control,
the SnO,-out-NCNTs were prepared by the same processes
just without the addition of PVP. In order to clarify the role
of PVP in the solution, the solution tension of pristine etha-
nol and the ethanol solution with PVP were measured. As
shown in Fig. S1, the PVP can effectively reduce surface
tension of the PVP/ethanol solution, which similarly is con-
ducive to the solution filling in NCNTs. It is obvious that
the PVP plays a key role in the capillary force enhancement.

The morphology and microstructure of as-prepared
Sn0O,-in-NCNTs and SnO,-out-NCNTs were char-
acterized by SEM and TEM. As shown in Fig. 2a,
SnO,-in-NCNTs show a smooth surface of NCNTs while the
SnO,-out-NCNTs show clustered nanoparticles attached to
the external surfaces of NCNTs (Fig. 2b). The TEM images
of SnO,-in-NCNTs are subsequently presented in Fig. 2c-d.
Figure 2c shows that the morphology of commercial NCNTs
is still well retained and the channels of NCNTs are filled
with aligned nanoparticles (~5 nm). High-resolution TEM
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(Fig. 2d) reveals that the lattice spacing of the particles is
0.34 nm, which is assigned to the SnO, (110) plane, as is
further validated in the fast Fourier transform (FFT) image
(inset of Fig. 20).9 Nevertheless, as shown in Fig. S2, most
of the SnO, nanoparticles in SnO,-out-NCNTs are dispersed
on the outside of the NCNTs with larger grain diameter.
Typical XRD patterns of the SnO,-in-NCNTs and
SnO,-out-NCNTs are shown in Fig. 3a. The diffraction peaks
for two samples match well with SnO, (PDF #41-1445).%
The mass content of SnO, in the two hybrids are both cal-
culated to~58 wt% based on the TG analysis (Fig. 3b).
Furthermore, the XPS was studied to investigate the chemi-
cal bonding of the two as-synthesized samples. Figure S3a
presents the survey XPS spectra of SnO,-in-NCNTs and
SnO,-out-NCNTs, suggesting the presence of Sn, O, C and
N. In the Sn 3d spectra (Fig. S3b) of the two hybrids, two
peaks at 487.1 eV and 495.6 eV belong to Sn 3ds, and Sn
3d;/,, which suggests the presence of Sn** in the SnO,.
The Cls spectrum of SnO,-in-NCNTs can be fitted into
three peaks (Fig. 3c), among which the peaks at 284.8 eV
and 288.8 eV correspond to C-C/C=C and O=C-0OH,
respectively. Another peak at 286.1 eV belongs to Sn—O-C,
which is considered beneficial for keeping a highly stable
structure during cycle processes.”® The C 1s spectrum of
SnO,-out-NCNTs is provided in Fig. S4, and the weaker
Sn—O-C bond is shown in SnO,-in-NCNTs which indicates
an inferior connection of SnO, and NCNTs. The nitrogen
content is 2.1% according the XPS analysis and the N 1s
XPS spectrum of SnO,-in-NCNTs can be resolved into pyri-
dinic N, pyrrolic N and graphitic N, respectively, centered
at 398.5 eV, 399.9 eV and 401.1 eV (Fig. S5).% The N,
isotherms and pore size distribution are shown in Fig. 3d,
and obvious type-H; hysteresis rings can be observed
when the relative pressure P/P, is high. The specific sur-
face area of Sn0,-in-NCNTs (87.9 m* g™') is lower than
SnO,-out-NCNTs (132.1 m? g~!) owing to homogeneous
filling of the ultrafine SnO, nanoparticles into NCNTs. EPR
analysis was performed on the two samples (Fig. S6), and

Ar-NH;
Annealing

© Sn0O, Sn0O,-in-NCNTs

Fig. 1 Schematic diagram of the fabrication process of the SnO,-in-NCNTs.
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Fig.2 SEM images of (a) SnO,-in-NCNTs and (b) SnO,-out-NCNTs. (¢) Low- and (d) high-magnification TEM images of SnO,-in-NCNTs.

both of the EPR spectra present EPR activity, proving the
presence of an oxygen vacancy (V,), which is an effective
way to improve the Li* storage kinetics.?’30-2

The as-prepared hybrids were evaluated as anode materi-
als for LIBs, and the electrochemical performance of cyclic
voltammetry was first evaluated. According to Fig. 4a and
b, there are two reduction peaks for SnO,-in-NCNTs and
SnO,-out-NCNTs in the first cathodic scan. The reduc-
tion peak at~0.8 V is related to the formation of SEI film
and the conversion reaction of SnO, to Sn and Li,0.%3%
The peak around 0.1 V is due to the formation of Li,Sn
alloy. There are three oxidation peaks at~0.49, 1.2 and
1.85 V in the first delithiation stage. The oxidation peak
at~0.52 V is the dealloying reaction of SnO,. The peaks
at~1.26 and 1.84 V correspond to the conversion reaction
from Sn to SnO,, respectively. An additional oxidation
peak at~2.49 V is observed in the SnO,-in-NCNTs, indi-
cating its higher reversibility. The initial three charge—dis-
charge profiles of the SnO,-in-NCNTs, SnO,-out-NCNTs
at current density of 0.1 A g~' with voltage range from
0.01 to 3.0 V are presented in Fig. S7. Obviously, the elec-
trochemical behavior is consistent with that observed on
the CV curves. The obtained specific charge capacity of
Sn0O,-in-NCNTs is 961.8 mAh g~! with higher coulombic
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efficiency (68.7%), which is higher than SnO,-out-NCNTs
(833.2 mAh g_l, 58.3%). Furthermore, the advantage of
nitrogen doping can be verified by comparing with undoped
sample (SnO,-in-CNTs). The rate performance was evalu-
ated for all samples at 0.1 A g™, 02 A g ,05A¢g 1A
g,2Ag,5A g and 10 A g7!. the SnO,-in-NCNTs
performs the best at any rate (Fig. 4c). More impressively,
after high-current density measurement, the capacity of the
Sn0,-in-NCNTSs can recover to its initial value at 0.1 A g™,
indicating a high reversibility of the composite. The capac-
ity contribution of SnO, is calculated under various current
densities (Fig. 4d, Fig. S9). For example, in the first cycle
the capacity of SnO, can be calculated to 1412.1 mAh g~
in SnO,-in-NCNTs according to the capacity contribution
of NCNTs (Fig. S8), which is almost equal to the theoreti-
cal capacity of SnO, and much higher than 1249.8 mAh
g~ ! in SnO,-out-NCNTs. Furthermore, the capacity con-
tributed by SnO, in SnO,-out-NCNTs decays rapidly with
increasing current density. The EIS of SnO,-in-NCNTs,
Sn0O,-in-CNTs and SnO,-out-NCNTs before cycling are
provided in Fig. S10. The charge transfer resistance (Rct) of
Sn0,-in-NCNTs is smaller than that of SnO,-out-NCNTs
and SnO,-in-CNTs, indicating the higher charge transfer
and good electrical conductivity of SnOz—in-NCNTs.%’37
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Fig.3 (a) XRD pattern, (b) TG curves of the SnO,-in-NCNTs and SnO,-out-NCNTs, (c) C 1s XPS spectrum of SnO,-in-NCNTs, (d) N, iso-
therms and pore-size distribution curves SnO,-in-NCNTs and SnO,-out-NCNTs.

The cycling performance at a current density of 0.2 A g~
is displayed in Fig. S11, where the SnO,-in-NCNTs enable
a respectable capacity retention after 100 cycles. However,
the SnO,-out-NCNTs show an inferior cycling stability. Fur-
thermore, the cycling performance of the electrode after 20
cycles of activation is shown in Fig. 4e. Even at a higher
current density of 5 A g™, it still maintains a capacity of
483.6 mAh g~! after 500 cycles. The CV measurement at
various scan rates is studied to analyze the reaction kinet-
ics (Fig. S12). At a scan rate of 1 mV s™!, the capacitive
contribution ratio of SnO,-in-NCNTs is 64.5%. Benefitting
from the fast capacitance-controlled lithium storage process,
the SnO,-in-NCNTs exhibit excellent fast charge—discharge
capability.

The excellent electrochemical performance of the
Sn0O,-in-NCNTs electrodes can be attributed to the effec-
tive confined synthesis of SnO, nanoparticles in NCNTs.
The advantages of such rationally designed structure are as
follows: (1) The nitrogen doping in CNTs and V, greatly
improve the low electrical conductivity of SnO,. (2) The 3D
channel carbon skeleton structure cross-linked by NCNTs
ensures the transport of ions and electrons, which are favora-
ble for the excellent rate performance.*® (3) Moreover, the
confined space of NCNTs channels can restrict the particle

size of SnO, and the sufficient void space in NCNTs can
accommodate the large volume change during cycling.
Therefore, the resultant electrode can effectively improve
the poor kinetics of pure SnO, and maintain high structural
integrity of the hybrids, resulting in high reversible capaci-
ties, superior rate capability and long cycle life.

In order to confirm the structural integrity associated
with cyclic stability, we employed HRTEM measurement
to explore the morphology change of SnO,-in-NCNTs and
Sn0,-out-NCNTs after 100 cycles at 0.2 A g~!. As shown
in Fig. 5a, the nanoparticles remain encapsulated within
the tube in SnO,-in-NCNTs. The fast Fourier transform
(FFT) image (inset of Fig. 5a) matches well with the (110)
and (211) facets of SnO,. However, the SnO,-out-NCNTs
(Fig. 5b) suffers from particle agglomeration and pulveriza-
tion. Figure S13 displays the EIS spectra of the two hybrids
after cycles. The radius of SnO,-in-NCNTs is smaller than
SnO,-out-NCNTs, which is mainly related to the cracking,
exfoliation of SnO, and the thickening of the SEI film in
the SnO,-out-NCNTs during the cycling. Different struc-
tural evolutions of the two SnO,-based hybrids can be
better illustrated in Fig. 5c. When SnO, nanoparticles are
embedded in the channel NCNTs, the NCNTs can effec-
tively restrict the particle size of SnO, and accommodate
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Sn0,-out-NCNTs. (c) Rate performance at 0.1-10 A g! of the
Sn0O,-in-NCNTs, SnO,-out-NCNTs and SnO,-in-CNTs. (d) Capac-

the volume expansion of SnO, during lithiation/delithiation
processes. In addition, mechanical stress is relieved during
cycling due to expansion along the available void space of
the tube. Therefore, the design that SnO, encapsulated in
carbon nanotubes can effectively stabilize the structural
change and ensure a stable cycle ability.

Conclusion
In conclusion, the SnO,-in-NCNTs with SnO, nanoparti-

cles encapsulated in carbon nanotubes were successfully
fabricated via capillary force. With the addition of PVP,
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SnO,-in-NCNTs. (e) Cycling stability of the SnO,-in-NCNTs at 5 A
-1
g

the surface tension of the PVP/ethanol solution can be
decreased, thus increasing the efficiency of capillary force.
The introduction of Vg in SnO, and the highly conduc-
tive NCNTs can greatly improve electron transfer in the
hybrids. In addition, the sufficient voids between particles
can effectively alleviate volume expansion during the lithia-
tion/delithiation processes. Moreover, the carbon nanotubes
can assemble into interconnected networks, which is ben-
eficial to the transfer of ions and electrons. As a result, the
SnO,-in-NCNTs demonstrate a superior cycling stability and
high-rate capability. The capacity is well-maintained after
500 cycles at 5 A g~! and the capacity can still reach 326.3
mAh g~! even at 10 A g~!. The present work opens up an
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Fig.5 (a-b) TEM image after 100 cycles at 0.2 A g~! of the SnO,-in-NCNTs and SnO,-out-NCNTSs. (c) Structural evolutions demonstration dur-

ing lithiation/delithiation processes.

efficacious avenue to develop high-performance anode mate-
rials with encapsulated structure for LIBs.
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