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Copper and carbon co-encapsulated tin dioxide nanocrystals with a diameter of about 8—10 nm are
synthesized through a simple solution system and following calcination in N, atmospheres. Ascorbic acid
acts as a reducing agent to facilitate rapid precipitation of polycrystalline and control the microscopic
morphology of the products. The ultra-small SnO; grains with co-encapsulated copper and carbon shells
can effectively increase the stability of the active materials. The copper and carbon coatings also help to
increase the conductivity of the electrode materials. When used as anode materials of lithium-ion bat-
teries, the composite exhibits good electrochemical performance with a high specific capacity of
670.3 mAh g ! after 50 cycles at a current density of 0.2Ag . When the current density reaches
0.4A g, the reversible capacity is approximately 452 mAh g~! after 200 cycles. The results show that
the composite material with high conductivity is a good choice for lithium ion battery anode materials.

Co-encapsulated
High conductivity
Electrochemical performance
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1. Introduction

Rechargeable batteries with high energy density, long life, small
size, light weight, safety, environmental compatibility and low cost
have been developed to power a wide variety of applications, such
as for portable consumer electronic devices, hybrid electric vehicles
(HEV), electric vehicles (EV) and large-scale electricity storage in
smart grids [1-3]. The ever-growing market demand for batteries
allows researchers to continuously improve the properties and
electrochemical stability. The performance of the battery depends
mainly on the electrochemical properties of the electrode mate-
rials, so the future of electrochemical storage will depend on the
design of the new structure and improvement of the material phase
composition [4,5]. For lithium ion batteries (LIBs), graphite-based
anode materials are still in use since the first commercial lithium-
ion battery launched by Sony in 1991. Yet, the specific capacity of
the modified graphite or the graphite-based anode material is only
372mAh-g~ . The low theoretical capacity of graphite limits the
further development and application of LIBs. Therefore, with the
characteristics of high specific capacities (usually multiple times
higher than graphite-based materials) and large-scale
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manufacturing, metal oxides have always been potential elec-
trode materials for LIBs and supercapacitors [6]. However, metal
oxides generally suffer from poor ion transport kinetics and volume
expansion during charging/discharging processes. So, it is neces-
sary to design new nanostructures and hybrid electrode materials
to improve the electrical conductivity and structural stability of the
electrode materials.

Due to high theoretical capacity (782 mAh-g~! 4.4 equivalent of
lithium per SnO,, and 1494 mAh-g~! 8.4 equivalent of lithium per
Sn0;3) [7], tin dioxide is considered as a promising anode material
for LIBs [8]. In a Li/SnO; half-cell, the electrochemical processes can
be summarized by the following formulas:

SnO, + 4Li 4+ 4e~ —Sn + 2Li,0 (1)
Sn + XLit + xe” < LixSn (0 <x <4.4) (2)

Like other metal oxides, the volume expansion of SnO, elec-
trodes is typically about 200% upon lithium insertion, resulting in
the rapid fading of capacity [9]. Many strategies have been devel-
oped to solve this problem, including designing various structures
and synthesizing different chemical components. The research
based on electrode is as follows: 1) OD quantum dots [10], 2) 1D
nanorods, nanowires, nanotubes, nanofibers [11], 3) 2D nanosheets,
nanofilms [12], 4) 3D nanospheres, hollow structures [13], 5) Car-
bon coating [14], 6) Preparation of graphene/SnO; composites [15].
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Lou's group [8] and the Rogach group [16] have studied in detail the
synthesis of SnO,-based nanomaterials with various structures and
chemical compositions, and their application as anode electrodes
for LIBs. The morphological improvement and design will help to
effectively relieve the volume expansion of the material during
charge and discharge. But all of these factors are more difficult to
increase the ion transport kinetics.

Conductivity has always been one of important factors affecting
the performance of electrode materials in LIBs. Increasing the
electronic conductivity and ion diffusion rate of anode and cathode
materials is an effective way to improve the capacity of lithium ion
batteries [17]. Copper (Cu) has high conductivity and high strength
[18]. Metallic Cu, which does not react with the electrolyte and
lithium ions during the electrochemical process, is employed to
serve as the supporting layer because it has high stability and ideal
conductivity [19]. Therefore, doping Cu in electrode materials is a
feasible path to improve the conductivity of lithium ion batteries
and improve its performance. Several researches are concerned
about the Cu/SnO; electrode and have shown improved cycling
performance in Li-ion and Li-S batteries [20]. In this work, we
designed and synthesized copper and carbon co-encapsulated tin
dioxide (C@Cu@SnO,) nanocrystals through a simple solution sys-
tem and following carbonization in N, atmospheres. When used as
anode electrode materials, they exhibited good lithium storage
performance with a capacity of 666.8 mAh g~! after 50 cycles at a
density current of 0.2 Ag~!. Even when recycled at high density
current up to 2 Ag~, they can still provide more than 450 mAh g~!
capacity. The good electrochemical performance benefits from the
composite electrode material. The carbon and copper shells in the
composite materials act as a buffer layer, efficiently reducing the
volume change, and the existence of Cu effectively reduces the
electrical resistance and improves the conductivity.

2. Experimental section
2.1. Materials synthesis

All chemicals used were of analytical grade without further
purification. The copper and carbon co-encapsulated tin dioxide
nanocrystals were synthesized by a simple hydrothermal process
and following carbonization in N, atmospheres. In a typical pro-
cedure, 2 mmol sodium stannate trihydrate (Na;SnO3-3H,0) and
2 mmol ascorbic acid were added to 30 mL distilled water under
stirring at room temperature for 20 min; similarly, different
amounts of copper chloride (2%, 5%, 10%, 20% according to NayS-
nOs3-3H,0) and ascorbic acid were added to 30 mL of distilled water
with stirring. And then the CuCl,-Vc solution was added to the
Na,Sn03-Vc solution. After stirring for 60 min, the solution was
transferred to a 80 mL Teflon-lined stainless steel autoclave and
maintained at 180 °C for 12 h to produce a brown precipitate. After
being naturally cooled to room temperature, the obtained brown
precipitation was collected by centrifugation and washed several
times with distilled water and ethanol, and dried in air at room
temperature. The carbonization of the products was annealed in N3
stream at 500 °C for 2 h at a ramp rate of 5°C min~". Based on the
experimental data in the latter part of this article, the products
synthesized by 20% CuCl, were studied and analyzed.

2.2. Materials characterization

The crystal structure and phase purity of the products were
characterized by X-ray power diffraction (Bruker, D8 Advance X-ray
diffractometer, Cuy, (A= 1.5406A). XRD patterns were recorded
from 20° to 80° (26) with a scanning step of 1°-min~! at 40 kV
voltages and 40 mA current. The structural refinement of the

obtained phases and profile analysis of the related diffraction pat-
terns were carried out with the program TOPAS (general profile and
structure analysis for powder diffraction data, Bruker Analytical X-
ray Systems) [21—24]. The micro-structure and morphology were
investigated by field-emission scanning electron microscope
(JEOLS-4800) and transmission electron microscope (JEM-2010).
The surface area and pore size of the products were measured using
a Belsorp-max surface area detecting instrument by N, phys-
isorption at 77 K. Raman spectra was recorded using a RM 2000
Microscopic Confocal Raman Spectrometer (Renishaw PLC, En-
gland) with an Ar laser at a wavelength of 514.5 nm. XPS were
recorded using ESCALAB 250 spectrometer (Perkin-Elmer) to
characterize the surface composition.

2.3. Electrochemical measurements

To test the electrochemical performance of the products, two-
electrode CR2025 coin cell with working electrode and lithium
foil as the counter electrode were assembled in an argon-filled
glove-box. The working electrodes were prepared by coating
slurry onto a Cu foil substrate. The slurry was made by the active
materials, conductive carbon black, and polyvinylidene (PVDF) in
the weight ratio of 70:15:15 dispersed in N-methyl pyrrolidone
(NMP). After coating, the electrodes were pressed at 10 MPa and
dried at 120 °C under vacuum for 24 h. A solution of 1M LiPFg in
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl car-
bonate (DEC) (1:1:1 in volume) was used as the electrolyte. Gal-
vanostatic cycling performances of the homemade coin cells were
measured on a multichannel battery testing system (LAND
CT2001A) with cutoff voltage of 3.0—0.01 V versus Li/Li*. CV curves
were recorded on a CHI-660D potentiostat at a scanning rate of
0.5mV s~ L. The impendence spectra were obtained by applying a
sine wave with amplitude of 5 mV over the frequency range from
100 kHz to 0.01 Hz.

3. Results and discussion

The X-ray power diffraction (XRD) patterns were employed to
characterize the crystal structure of the copper and carbon co-
encapsulated tin dioxide nanocrystals. Fig. 1a shows the XRD pat-
terns of the as-prepared products (20% CuCl,) obtained from the
hydrothermal treatment and the XRD patterns of the products after
calcination in Ny at 500 °C for 2 h, respectively. From Fig. 1a, we can
infer that the peaks (*) centered at 26.5, 33.9, 51.8, 65.9° can be
indexed to the (110), (101), (211) and (112) planes assigned to SnO»,
which was consistent with the tetragonal rutile SnO, phase (JCPDS
card NO. 41-1445, SG: P4,/mnm, ag=4.74 A, and co=3.18 A) [25].
And the peak (#) at 43.2 and 50.2° are consistent with copper. It can
be observed that the peak intensity of SnO, relative to bulk mate-
rials is low and wide, indicating the small crystal size of the SnO,
nanocrystals. After calcination in Ny, the diffraction peaks of the
products narrowed and peak intensity increased. The phase
composition of SnO, and Cu did not change significantly. No other
impurity peaks were detected, indicating the purity of the
Cu@C@Sn0, composites. (XRD-1).

Fig. 1(b—e) shows field-emission scanning electron microscopy
(FE-SEM) images of the samples before (1b and c) and after (1d and
e) calcination. It can be clearly seen that the sample before calci-
nation consists of very small spherical particles, and each particle is
assembled from numerous primary nanocrystals, creating enough
space and holes, which facilitates Li* transfer during charge and
discharge process. Ascorbic acid acts as a reducing agent to facili-
tate rapid precipitation of polycrystalline and control the micro-
scopic morphology of the products. After calcination, the particles
become larger and the crystallization is enhanced. The
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Fig. 1. (a) XRD patterns of the C@Cu@SnO, products; (b) Field-FE-SEM images before (b, ¢) and after (d, e) calcination of the samples; (f) Element mapping analysis of the annealed

C@Cu@Sn0, products.

corresponding element mapping analysis (Fig. 1f) of the annealed
sample confirms that the Sn, Cu and O elements ae uniformly
distributed in the samples.

To obtain the crystal information and the composition of the
complex, XRD diffraction patterns were analyzed using the TOPAS
program. Different amounts of CuCl, (2%, 5%, 10%, 20% according to
Na,Sn0O3-3H,0) were used as raw material to control the copper
content. As shown in Fig. 2, the amount of the loaded Cu on SnO,
varies with the dosage, and the crystal diffraction peaks show that
the Cu content is 1.87%, 2.24%, 3.46% and 6.82% for different dosage
of CuCly (2%, 5%, 10% and 20%, respectively). An increase in Cu
content significantly increases the conductivity. However, the
presence of a large amount of Cu also reduces the overall energy
density of the battery. Therefore, we choose 6.82% of Cu as the test
sample instead of trying a larger dose of CuCl,.

The composition of the C@Cu@SnO, sample can be further
determined by X-ray photoelectron spectroscopy (XPS). Apart from
a weak C 1s peak at 284.4eV and Cu 2p peak at about 932 and
952 eV, only Sn and O related core peaks can be detected in the
survey XPS spectrum (Fig. 3a). It involves six distinct peaks of 26.6
(Sn 4d), 486.2 (Sn 3ds)2), 494.6 (Sn 3d3/), 715.5 (Sn 3p), 758.2 (Sn
3p) and 530.2 eV (O 1s), which are the characteristic of tin dioxides
[20,25]. In Fig. 3b, two strong peaks centered at 486.2 and 494.6 eV
are attributed to Sn 3ds/; and Sn 3d3; states, respectively. The Sn 3d
spectra are in good agreement with the characteristic bands of
Sn0,, indicating that tin is a Sn (IV) state.

The morphology and microstructure of the copper and carbon
co-encapsulated tin dioxide (C@Cu@Sn0O,) nanocrystals are further
investigated by transmission electron microscopy (TEM). Fig. 4a
and b shows low and high magnification TEM images of the
annealed C@Cu@Sn0O, sample, respectively. Fig. 4a clearly shows
that the sample consists entirely of relatively uniform spheres, and
Fig. 4b shows that the size of the crystals is less than 10 nm in
diameter, which is also confirmed by SEM observation. Moreover,
an amorphous carbon layer with a thickness about 2 nm can also be
clearly observed at the edge of the spheres. Additionally, as dis-
closed in the HRTEM image (Fig. 4c), the lattice spacing is
approximately 0.335 nm, which corresponds to the (110) plane of
monoclinic SnO, phase. The selected area electron diffraction
(SAED) (Fig. 4d) pattern shows a single spot associated with
concentric rings, indicating the polycrystalline nature of the
C@Cu@SnO0; spheres. And the ascorbic acid in the system acts as a
reducing agent to facilitate rapid precipitation of polycrystalline

and control the microscopic morphology of the products.

In order to determine the sphere diameter and crystallite size of
the sample before and after annealing, high magnifications SEM
and TEM images of the sample have been specifically analyzed, as
shown in Fig. 5. From the SEM (5a) and TEM (5c¢) images of the pre-
annealed sample, several spheres were randomly selected in the
SEM and TEM images. The results reveal that the spheres diameter
was about 6 nm, which was also confirmed by TEM observation.
Processing continues in this same way on the images after
annealing, the results (Fig. 5b, d) show the mean diameter is
generally about 8 nm. We deduced that the diameter enlarge of
sphere after annealing was because the carbon coating during
carbonation process. Precisely because of the ultrafine sphere and
existence of the carbon layer, the as-prepared products have
excellent stability and good cycling performance when used as
anode materials.

The specific and porous C@Cu@SnO;, spheres have a pretty high
specific surface area. Nitrogen adsorption/desorption measurement
shows that the C@Cu@SnO, composites possess a high Brunauer-
Emmett-Teller (BET) specific surface area of ca. 3053 m?g .
Fig. 6a displays the nitrogen adsorption and desorption isotherms
and Barrett-Joyner-Halenda (BJH) pore size distribution (Fig. 6b).
The average pore diameter of the cage-like SnO, composites is
about 2—5 nm. With such high specific surface area and numerous
holes between C@Cu@SnO, spheres, there have enough space and
gaps around the particles which can hold the inserted Li* during
charge and discharge process. The electrode will have little volume
change and the SnO; crystal will keep original structure with the
aid of carbon and copper co-encapsulated. Fig. 7 shows the Raman
spectrum collected in the range of 1000—-2000cm~! of the
C@Cu@Sn0, composites. Two bands at 1353 and 1586 cm™! are
assigned with sp3-hybridized carbon, structural or amorphous
carbon (D-band) and the Ep; phonon of sp® carbon atoms of the
carbon (G-band), respectively.

To better understand the electrode reaction processes of the as-
prepared C@Cu@SnO, electrode, cyclic voltammetric measure-
ments (CV) were carried out with the result shown in Fig. 8a. The
CV behavior is generally agreement with that reported in previous
papers [22]. The current peak around 0.72 V (versus Li/Li"), in the
following cycles, corresponds to the reductive transformation of
SnO; to Sn and Li;0. An apparent cathodic peak located around
0.80V is observed during the first cycle and no longer appeared in
the later cycles, which attributed to the formation of a solid
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Fig. 2. XRD diffraction patterns analyzed using the TOPAS program of different Cu contents.

electrolyte interface (SEI) layer, which consumes Li ions but can
buffer the volume change. The oxidation peak around 0.6 V (versus
Li/Lit) are assigned to the alloying process of LiySn alloy. Another
oxidation peak around 1.30V (versus Li/Li™) can be assigned to the
reactions on the electrode in the electrochemical test. The peak at
0.1V (versus Li/Li") can be attributed to formation of LixSn alloy and
insertion of Li™ into the carbon materials. Fig. 8b shows the typical
CV curves of SnO, without Cu doping.

When evaluated as anode materials for LIBs, the as-synthesized
C@Cu@Sn0O, composites (20% CuCly) exhibited good electro-
chemical performance compared to other C@Cu@SnO; or SnO;
samples. Fig. 9a shows cycling performance and coulombic effi-
ciency of the C@Cu@SnO, composites electrode measured in a
potential range of 0.01—3V versus Li*/Li at the current density of

0.2, 0.4 and 0.8Ag™!, respectively. As expected, the composites
manifested exceptional capacity retention ability and high-capacity
lithium storage properties. It exhibits large initial discharge ca-
pacity of about 1449.4 mAh g~ ! and retains about 670.3 mAh g!
after 50 cycles at the current density of 0.2 Ag~L. The coulombic
efficiency rises rapidly from 74.4% in the first cycle to 93% in the
fifth one and then remains above 99% in the following cycles. When
the current density was up to 0.4 and 0.8 Ag~!, capacities higher
than 632.1 and 565.5 mAh g~! were obtained, respectively, which
were even more higher than the theoretical capacity (372 mAh g~ 1)
of graphite. The battery was kept working at the current density of
0.4A g~ for 200 cycles and the results show that the battery still
maintained excellent cycling stability. The reversible capacity is
about 452 mAh g~ after 200 charge-discharge cycles as shown in
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Fig. 3. XPS spectra of C@Cu@Sn0; products: (a) survey spectrum and high-resolution; (b) Sn 3d; (c) Cu 2p and (d) C 1s high-resolution spectra.
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Fig. 4. (a) and (b) Low-magnification TEM image; (c) High-magnification TEM image and (d) SAED pattern of C@Cu@SnO, products.

insert in Fig. 9a. The good cycling performance indicates that the
C@Cu@Sn0O, composites may be the alternative anode materials for
lithium ion battery in future.

Fig. 9b shows the discharge/charge voltage profiles of the as
prepared C@Cu@SnO, composites for the 1st, 2nd and 5th cycle
respectively. The first-discharge and charge capacity were 1449.4
and 1078 mAh-g~, this can be attributed to the initial irreversible

reduction of SnO, to Sn and the formation of a solid electrolyte
interface (SEI) layer. The discharge capacity in the second cycle is
1113 mAh-g~! and 905 mAh-g~! in the fifth cycle. Moreover, the
products also exhibited good rate performance because the exis-
tence of Cu under all tested current densities. As shown in Fig. 9c,
the reversible capacity at the current density of 0.8Ag™! is
568.5mAh g~ ! and even at as high as 2Ag~, it retains high
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Enlarged SEM images before (a) and after (b) calcination of the samples; Enlarged TEM images before (c) and after (d) calcination of the C@Cu@SnO, products.
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based on the desorption branch (b) of the C@Cu@SnO, products.

capacity of 430.6 mAh g, which is still higher than the theoretical
capacity (372mAh g~ !) of graphite. After the current density
returns to 0.2Ag"!, the electrode delivers a capacity of about
740 mAh g~ ! after 50 cycles. To compare the C@Cu@SnO, products
with different copper content and C@SnO, (it was synthesized at
the same conditions but without CuCl, in the starting materials),
the cycling performance of other products were conducted as
shown in Fig. 10. As we can see, the sample with the 1.87% Cu
content has the worst properties. The discharge capacity just
maintain at 179.5 mA g~ ! at the current density of 0.4 A g~ after 50
cycles. Along with the increase of the content of copper, the elec-
trochemical properties were improved. The product with 2.24% Cu
doped have a higher capacity about 396.7 mA g~ and the product
with 3.46% Cu doped have capacity about 526.8 mA g~ . The prod-
ucts with low Cu content all have bad electrochemical cycle sta-
bility. When the content of Cu was up to 6.82% (20% CuCl, as
dosage), it retains about 632.1 mAh g~! capacity after 50 cycles at
the current density of 0.4Ag . The C@Sn0, products also have
worse cycling performance at same condition. The improved elec-
trochemical performance of the C@Cu@SnO; composites illustrated
the introduction of copper was an effective way to enhance the
conductivity and improve the performance of lithium ion batteries.

To further understand the improved lithium storage perfor-
mance of the C@Cu@SnO, electrode at different ratio of Cu, we
studied their transport kinetics by electrochemical impedance
spectra (EIS) measurements, which were carried out over the fre-
quency range from 100 kHz to 0.1 Hz before cycling [16]. All the
Nyquist plots show depressed separate semicircles in high-middle
frequency region and a straight line in low frequency region, as
shown in Fig. 10, the C@Cu@SnO, with 20% CuCl, has the minimum
semicircle diameter in the high frequency region among these
samples, which is in accordance with the fact and expectation. This
is because the existence of Cu indeed reduces the electrical resis-
tance and increase the electrical conductivity effectively.

The improved electrochemical performances of C@Cu@SnO,
composites certainly originated from the following factors. One
possible reason is the co-encapsulated of copper and carbon. The
carbon and copper shell acts as a buffer layer efficiently alleviating
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the volume change during lithium insertion and extraction in the
charge/discharge process. Also, the existence of Cu indeed reduces
the electrical resistance and increase the electrical conductivity
effectively. Another reason is the ultra-small grain of products. Due
to the very small size (about 8 nm), the nanoparticles will have
bigger specific surface areas. The bigger specific surface areas they
have, the more space they will have to contact Li/Li* during lithium
insertion and extraction. That is helpful for buffering the severe
volume change during lithium insertion and extraction. Therefore,
copper and carbon co-encapsulated and ultra-small grain could be
effective way to improve the cycling performance of tin-dioxide for
lithium-ion batteries.

4. Conclusions

In summary, C@Cu@Sn0O, composites constructed with ultrafine
grain has been successfully synthesized by a facile hydrothermal
method. When used as an anode material for LIBs, the products
exhibit excellent cycling performance and high capability. The
ultra-fine SnO; grain with the copper can increase the conductivity
and the ultra-fine SnO, grain with the carbon can increase the
stability of the active material. The synergistic effect of copper and
carbon in the composite materials can effectively improve lithium
storage performance. The doping of high conductivity metal to the
oxide may be an effective way to improve the performance of
lithium ion batteries.
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