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Abstract: SnO,-based anodes for lithium-ion batteries
(LIBs ) experience volume expansion, leading to rapid
capacity decay and low conductivity. To address this
problem, a composite consists of C/SnO, with a core-shell
structure and a carbonized nitrogen-doped Co-metal organic
framework ( Co-MOF) (NC) supported on carbon cloth
(CC) was designed and prepared, which was denoted as
C/SnO@NC@CC. C/SnO@NC@CC could be used directly
as a flexible anode for LIBs. The combination of core-shell
structure centered on carbon spheres, carbonized nitrogen-
doped Co-MOF, and CC not only restricts the volume
expansion but also functions as conductive networks to
improve the electrical conductivity. C/SnO,@NC@ CC
exhibits excellent electrochemical performance with charge
and discharge specific capacities of 2 066.0 and
2 077.1 mAh/g, respectively, after 120 cycles at a current
density of 0.5 A/g.
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0 Introduction

The need for energy storage devices with larger
capacities has persisted alongside the meteoric rise in
popularity of portable electronics. Lithium-ion batteries
(LIBs) '™ are very promising electrochemical energy
conversion and storage devices. They are frequently used
because of their high energy density, significant potential
difference, negligible memory effect, low environmental
impact, and extended charging and discharging
endurance. The traditional graphite anode is insufficient
to fulfill the promise of the future demand for increased
energy density. A variety of metals and semiconductor
oxides, such as Si0,"”, Sn0,"™, Ti0,” and
MnO, """, are considered attractive options for future-
generation LIBs because of their high theoretical specific
capacity and cost-effectiveness. Among these candidates,
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the Sn-based material'"™"' is considered as one of the
most ideal anodes due to the high theoretical capacity
(1494.0 mAh/g for SnO, ). During the repeated lithium
insertion process, the transformation between SnO, and
Sn is partially reversible, causing a significant volume
expansion of around 200%. The formation of a solid
electrolyte interface ( SEI) leads to low initial coulombic
efficiency ( ICE ). The inherent low electrical
conductivity of the SnO, semiconductor impedes the
speed of Li" and electron transport. As a result,
significant efforts have been devoted to addressing this
issue.

Currently, the most effective solutions are as
follows. 1) Rational design and preparation of SnO,-
based materials with unique nanostructures''™'. Zhai
et al!" designed a core-shell structured SiO@C-Sn/SnO,
nanosphere, and the carbon overlayer reduced SnO,
expansion and enhanced the electrode conductivity, while
the Sn/Sn0O, doping improved the specific capacity. 2)
Construction  of  heterostructures,  especially  p-n
heterostructures, for developing advanced electrode
materials''™"*'. Such architectures can generate synergistic
effects by integrating the complementary advantages of
individual components.  Furthermore, incorporating
carbonaceous matrices, e. g., reduced graphene oxide
(rGO) ™" and carbon nanotube (CNT) >’ has been
demonstrated to  significantly improve electrical
conductivity while mitigating anode pulverization issues.
Zhan et al. " designed a graded ZnS/ SnO, @ rGO
composite material. The outer GO matrix improved the
electrical conductivity and fully alleviated the volume
expansion of ZnS/SnO, during the cycling. Carbonaceous
matrix coupling decreased ion and electron transport
distances and minimized volume expansion, resulting in
superior electrochemical kinetics.

To solve the problem that SnO, nanoparticles exhibit
a large volume expansion as the number of cycles
increases and are easily crushed, we design a new
composite material C/SnO,@NC@ CC combining the
advantages of the core-shell structure based on the
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original foundation of our group. A carbonized nitrogen-
doped Co-metal organic framework ( Co-MOF) ( NC)
grown on carbon cloth (CC) is used as a sacrificial
template to create porous carbon, and glucose is employed
as a carbon source to synthesize C/SnO,@ NC @ CC.
When C/SnO,@ NC@ CC is used as the anode in LIBs, it
gives high charge and discharge specific capacities of
2 066.0 and 2 077.1 mAh/g, respectively, at 0.5 A/g
after 120 cycles and has superior rate performance
compared to SnO, @ NC@ CC.

1 Materials and Methods

1.1 Materials
Cobalt nitrate hexahydrate ( Co ( NO,), - 6H,0)

was provided by Shanghai HUSHI Co., Ltd., China;
2-methylimidazole (2-MI) was provided by Adamas Beta
( Shanghai ) Chemical Reagents Co., Ltd., China;
sodium stannate ( Na,SnO,) was provided by Shanghai
YUANYE Co., Ltd., China; glucose ( C,;H,,O,) and
sucrose ( C,H,,0, ) were provided by Sinopharm
Chemical Reagent Co., Ltd., China; LiPF, was provided
by Canrd Co., Ltd., China. All commercially availale
reagents were analytically pure and used as received
without further purification.

1.2 Preparation of C/Sn0O,@NC@CC, SnO,@NC@

CC and C/SnO,

The preparation of carbonized Co-MOF on CC
(C@NC@CC) was based on our group’ s prior
research'®’ . After that, 0.030 mol of C,H,0, and
0.007 mol of Na,SnO, were dissolved in 50 mL of
deionized water and continuously stirred for 2 h to form a
clarified solution. The solution was enclosed with a
100 mL Teflon liner and maintained at 180 C for 3 h to
obtain a black or brown precursor. The precursor was
heated under an N, atmosphere with a ramp rate of
5 C/min to 500 C and annealed for 2 h. The final
product was marked as C/SnO@NC@CC. SnO@NC@CC
denotes the product formed when no additional carbon
source was introduced in the preparation process. C/SnO,
represents the powder product obtained when the NC and
CC substrates were omitted in the preparation process.
1.3 Morphology and structure analyses

Surface morphologies of the composite materials
during each preparation process were observed by a field
emission scanning electron microscope ( S-4800, Hitachi,
Japan ) and a high-resolution transmission electron
microscope ( JEM-ARM300F, JEOL Ltd., Japan )
operated at an accelerating voltage of 200 kV. X-ray
diffraction ( XRD) patterns of the composite materials
were tested with an X-ray diffractometer ( Rigaku,
Japan). X-ray photoelectron spectroscopy ( XPS) data of
the composite materials were obtained by using an
Escalab 250Xi spectrometer ( Thermo Scientific, USA)
with an excitation source of Al-Ka radiation.

1.4 Electrochemical measurements

Electrochemical measurements were fulfilled on
account of CR2016-type coin cells, which were prepared
within a glove box filled with high-pure Ar. Lithium foil
was used as a negative electrode ( counter electrode ).
Celgard 2400 membrane was utilized to be a separator.
The 1 mol/L LiPF, solution ( consisting of ethylene
carbonate (EC) and dimethyl carbonate ( DMC) with a
volume ratio of 1:1) was utilized to be an electrolyte.
Electrochemical performance was evaluated by using a
Landian Battery Testing System ( Model CT2001A,
Wuhan Land Electronics Co., Ltd., China ). Rate
capability tests were conducted at varying current
densities, while cycling stability was measured at a fixed
current density, with a voltage window of 0. 01-3. 00 V.
Cyclic voltammetry ( CV) was obtained at a scanning
rate of 0.01 mV/s, and electrochemical impedance
spectroscopy ( EIS) with an amplitude of 5 mV at a
frequency range of 0.01 to 100.00 kHz was tested by
using the CHI-660 workstation ( Shanghai Chenhua
Instrument Co. Ltd., China).

2 Results and Discussion

2.1 XRD and XPS analyses of C/SnO,@NC@ CC
Figure 1 displays the XRD patterns of different
products in the preparation process of C/SnO, @ NC@ CC.
By comparing the peak positions with the powder
diffraction file (PDF), it is evident that the diffraction
peaks of C/SnO, at 26 = 26.61°, 33.89°, 51.78°,
54.75°and 65.93° correspond to the (110), (101),
(211), (220) and (301) crystal planes of tetragonal
SnO, (PDF#41-1445) , respectively. The XRD peak at
approximately 26. 50° corresponds to the (002) crystal
plane of hexagonal graphite ( PDF#41-1487) , confirming
that the one-step hydrothermal method successfully
constructs both the graphite-like carbon framework and
C/SnO, composite in a single process. After the
introduction of CC, the XRD peaks were obscured by
more intense C peaks. The XRD pattern of CC exhibits
characteristic peaks at around 25. 30° and 43. 10°, which
are consistent with the reported diffraction features of CC
in Ref. [24]. In the XRD pattern of C@ NC@ CC, the
diffraction peaks of graphitic C and CC overlapped due to
their similar crystal structures, resulting in a pattern
dominated by CC. By comparing the XRD pattern of
C/Sn0,@ NC @ CC with those of the previously
mentioned products, diffraction peaks similar to those of
Sn0O,@NC@ CC can be observed. Generally, the (100)
crystal plane, which has the highest surface energy,
would be the most ideal for Li* adsorption'®’. However,
it is very difficult to achieve this in practical situations.
Instead, the (211) crystal plane has been identified as a
favorable plane for Li" storage, as it exhibits a relatively
high surface energy and a low energy barrier for Li”
compared to other planes. Notably, the XRD pattern of
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C/Sn0O, shows a prominent diffraction peak corresponding
to the SnO, (211) crystal plane, which will facilitate
rapid Li" diffusion when used as an anode material.
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Figure 2 (a) shows the XPS survey spectrum of
C/SnO, @ NC@CC, revealing that the composite consists of
Sn, O, C and N. The presence of N 1s peak in the XPS
spectrum confirms that N is doped into the carbon
framework, in agreement with the mechanism reported in
Ref. [9]. Figure 2(b) presents the XPS spectrum of Sn 3d,
showing double peaks at 495. 7 and 487. 4 eV that correspond
to Sn 3d,, and Sn 3d., of Sn"*, and double peaks at 497. 1
and 488.7 eV that correspond to Sn 3d,, and Sn 3d,, of
Sn*"™' | respectively. The presence of Sn™* in SnO, can be
attributed to the formation of oxygen defects in the crystal
lattice by high-temperature calcination in an inert N, gas
atmosphere™ . In Fig. 2(c), the high-resolution spectrum
of O 1s can be deconvoluted into two peaks. The peak at
533.3 eV suggests the presence of oxygen vacancies (O, ),
and the peak at 531.7 eV correspands to Sn—O".
Moreover, the C 1s spectrum ( Fig. 2 (d)) can be
deconvoluted into three peaks corresponding to C—O—C
(288.2eV), C—C (286.4 ¢V) and Sn—C (2847 V).
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Fig.2 XPS spectra of C/SnO, @ NC@CC: (a) survey spectrum; (b) Sn 3d; (c) O 1ls; (d) C1s

2.2 Surface morphologies of C/SnO,@NC@ CC and

SnO,@NC@CC

Figure 3(a) shows the scanning electron microscopy
(SEM) image of NC @ CC obtained from the previous
work of our group. Figure 3(b) is the SEM image of
C/Sn0O, @ NC @ CC, where C/SnO, spheres are
uniformly distributed on the carbonized nanosheets. As
can be seen from the partial enlargement in Fig. 3(b),

the diameter of C/SnO, is about 70-80 nm. As shown in
Fig.3(c), the transmission electron microscopy ( TEM)
image further illustrates the size and structure of C/SnO,.
The high-resolution TEM ( HRTEM) image of C/SnO,
(Fig.3(d)) shows typical lattice spacings of 0. 34 and
0.26 nm, corresponding to (110) and (101) planes of
SnO,, respectively. This proves that the outer layer of
C/Sn0O, spheres consists of SnO, particles.
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(c) (d)
Fig.3 Morphologies of samples: (a) SEM image of NC @
CC; (b) SEM image of C/SnO,@NC@CC;

(c¢) TEM image of C/SnO,@NC@CC; (d) HRTEM
image of C/SnO, @NC@ CC

2.3 Electrochemical performances of C/SnO,@NC@CC

Figure 4(a) shows the CV curves for the initial three
cycles of C/SnO, @ NC@ CC measured at a scanning rate
of 0.1 mV/s. The CV curve for the first cycle (1st)
exhibits a significantly different cathodic peak compared to
the following cycles. In the first cathodic scan of
C/SnO,@NC@CC, there is a distinct cathodic peak at
about 0.75 V, which is highly correlated with the
decomposition of the electrolyte and the generation of the
SEI"™. In this process, SnO, is involved in the reaction to
form Sn and Li,O, and a large amount of Li" is consumed
(SnO,+2Li" +2¢”——>Sn0O+Li,0; SnO+2Li"+2¢ ——Sn+

2
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—3rd

0 05 10 15 20 25 30 35
Potential/V
(a)

Li,O). This process is irreversible and a weakening of the
intensity of the peak is evident during subsequent cycles. As
a result, this leads to the low ICE of the material. The other
sharp cathodic peak around 0.01 —0.10 V is due to the
embedding of Li" in the carbon skeleton and the Li Sn
alloying (Sn+xLi*+xe” Li Sn (0<x<4.4)). It can be
seen that cathodic and anodic peaks show symmetrical
shapes and similar magnitudes in the CV profiles. From the
second cycle (2nd), the profile of the CV curve overlapped
well, indicating its high reversibility of lithium-ion
intercalation and cycle stability.

Figure 4(b) shows the charge-discharge curves for
the initial three cycles of C/SnO, @ NC@ CC measured at
a current density of 0.1 A/g. C/SnO,@NC@CC
exhibits the first cycle charge and discharge specific
capacities of 2 792. 5 and 3 540. 1 mAh/g, respectively.
The first cycle charge and discharge specific capacities of
C/Sn0,@NC@CC far exceed the theoretical capacities
of SnO,. It has an ICE of around 78. 8%. The reason for
the relatively low ICE can be attributed to the partial
irreversibility of the reaction of SnO, with Li* and the
formation of the SEI. During the first cycle (Fig.4(b)),
the positions of the potential inflection points and plateaus
are close to those observed in the CV curves, further
demonstrating the storage behavior of Li*. The second
cycle charge and discharge specific capacities of
C/SnO,@NC@CC are 2 735.8 and 2 793.3 mAh/g,
respectively, and the coulombic efficiency rises to 98%.
In the second and third cycles, the charge-discharge
curves of C/SnO,@NC@CC overlap well, indicating
that the C/SnO,@NC@CC electrode has high
reversibility and cycling stability.
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Fig. 4 Electrochemical performances of C/SnO,@NC@ CC. (a) CV curves; (b) charge-discharge curves

Figure 5(a) shows the rate performance of C/SnO, @
NC@ CC and SnO, @ NC @ CC at current densities of
0.1,0.2,0.3,1.0, 2.0 and 3.0 A/g, and then back to
0.1 A/g. The specific capacity of C/SnO,@NC@ CC is
higher than that of SnO, @ NC@ CC at different current
densities. At 3.0 A/g, the charge and discharge specific
capacities of C/Sn0O, @ NC @ CC still remain at 854. 8

and 859. 1 mAh/g, which are almost three times those of
SnO, @ NC @ CC (302.6 and 309.8 mAh/g). The
decreased performance of C/SnO, @ NC @ CC at high
current density results from increased side reactions
between the electrode and electrolyte. When the current
density is returned to 0. 1 A/g, the charge and discharge
specific capacities of C/SnO,@NC@CC can reach
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2621.8 and 2 616.6 mAh/g, respectively, suggesting
that no capacity decay occurred after cycling at high
current density. The enhanced capacity of C/SnO, @ NC@
CC is attributed to the synergistic effect of the carbon sphere
and the carbon skeleton, as high carbon content generally
improves conductivity, thereby facilitating electron transfer.
The carbon spheres guide the orderly distribution of SnO, so
that the electrode material has a large specific surface area to
fully contact the electrolyte. Using NC as support skeleton
can suppress the volume expansion of SnO,, thus a more
uniform and stable SEI layer is formed, and the stability of
the structure is maintained.

The cycle performance of C/SnO, @ NC @ CC and
SnO, @ NC@ CC at a current density of 0. 5 A/g is shown
in Fig. 5(b). The initial charge and discharge specific
capacities are 2 417. 8 and 3090. 5 mAh/g for C/SnO, @
NC@CC, and 1 253.1 and 1650.2 mAh/g for SnO, @
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NC@ CC. A charge and discharge specific capacities of
2066.0 and 2 077.1 mAh/g after 120 cycles are still
maintained for C/SnO, @ NC @ CC, which are higher
than those by using anode based on SnO, @ NC @ CC.
Moreover, the coulombic efficiency of
C/SnO,@NC@CC is maintained above 99.5%
throughout the cycle. It is highly encouraging that the
C/SnO, @ NC@ CC anode sustains excellent long-term
cycling stability at 0.5 A/g. This indicates that the
specific capacity of C/SnO, @ NC@ CC remains stable
in subsequent cycles, except for the initial specific
capacity loss in the first cycle, which is attributed to
electrolyte decomposition and SEI film formation.
Nevertheless, the specific capacity of
SnO,@ NC@ CC shows a steady decrease, which
indicates that the addition of carbon spheres plays a
positive role in electrode stability.
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Electrochemical performances of samples: (a) rate performance of C/SnO, @ NC@ CC and SnO, @ NC@ CC at different current

densities; (b) cycle performance of C/SnO, @ NC@ CC and SnO, @ NC@ CC at a current density of 0.5 A/g

In this research, SnO, was combined with carbon
from glucose and Co-MOF to obtain good electrochemical
performance. There are other studies similar to this one.
Hakimi et al.”’ synthesized a carbon layer by a
hydrothermal method on the surface of SnO, nanowires
(NWs). The reversible capacity of the SnO, NWs@ C
core-shell structure is 593. 6 mAh/g after 100 cycles at a
rate of 149.0 mA/g. Ge et al."* uniformly embedded
ultrafine SnO, nanoparticles into a carbon-coated TiO,
substrate to form a unique hybrid structure. The specific
capacity of this anode remaining at 673. 5 mAh/g after
250 cycles at a current density of 0. 5 A/g. The addition
of carbon material can provide additional -electron
transport paths to increase conductivity, as well as act as
a support to relieve the mechanical stresses generated
during the lithiation/delithiation process.

2.4 Li" storage kinetics of C/SnO,@NC@ CC

The kinetic performance was tested and analyzed by
CV at different scanning rates"*>’. From Fig. 6(a) , it can
be seen that the reduction peaks gradually move to lower
potentials while the oxidation peaks gradually move to
higher potentials as the scanning rate increases, and their
intensities and widths also increase. The relationship

between the currents of the reduction and oxidation peaks
and their corresponding scanning rates can be expressed as

i=(wb, (1)
(2)

where i represents the peak current in CV ; v represents the
scanning rate; a and b are two constants. Determining
the value of b allows a qualitative analysis of the charge
storage mechanism. When b=0. 5, the charge storage is
controlled by the diffusive lithium embedding process;
when b=1. 0, the charge storage is completely controlled
by the capacitance. Figure 6 ( b ) demonstrates the
relationship between lg v and 1g i. After calculation, the b
values (slope of the fitted curves) corresponding to the
reduction and oxidation processes are 0. 54 (anode) and
0.53 ( cathode ), respectively, suggesting that the Li"
storage mechanism in the C/SnO,@ NC @ CC electrode
is controlled by a combination of the two behaviors.

To further quantify the ratio between diffusion-
controlled and capacitance-controlled behaviors'”', a
more detailed calculation can be made according to
Egs. (3) and (4):

lgi=blgv +lga,
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(V) =k + ko', (3)
iV /"2 =k +k,, (4)

where i (V) represents the current at a specific applied
potential V during electrochemical testing; k&, is the
capacitance coefficient; k, is the diffusion coefficient; k,v

and k,v"* denote the capacitance and diffusion control
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behaviors, respectively. The percentage of pseudo-
capacitance contribution at different scanning rates is
summarized in Fig. 6(d) according to Egs. (3) and (4).
The pseudo-capacitance contribution increases at higher
scanning rates. The C/SnO,@NC@CC electrode ’ s
dominant pseudo-capacitance behavior explains its
excellent cycle stability and good rate performance.
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Fig.6 Kinetic analyses of Li* storage: (a) CV curves of C/SnO, @ NC @ CC electrode at different scanning rates; (b) plot of
lg i vs. 1g v; (c) capacitance contribution of C/SnO, @NC@ CC electrode’ s charge storage at a scanning rate of 0. 10 mV/s;

(d) contribution ratio of capacitance and diffusion-controlled charge of C/SnO,@NC@ CC electrode at different scanning rates

To further study the conductivity and Li" diffusion in
the anode of C/SnO, @ NC @ CC, the EIS test was

carried out before circulation'”’.

The Nyquist plots and
fitting values are shown in Fig. 7, where Z' represents the
real impedance ( ohmic resistance ) and Z" denotes the
imaginary impedance ( reactive component). The fitting
values of intrinsic impedance R, and electron transfer
impedance R, are obtained based on the equivalent circuit
in the inset of Fig. 7 ( where W, represents the Warburg
impedance , CPE, represents the constant phase element) .
C/Sn0O, @ NC @ CC electrodes exhibit a small intrinsic
impedance (R, =7.53 ) and electron transfer impedance
(R, =61.34 Q). These findings demonstrate that the
stable SEI layer formation, the optimized electrolyte-
electrode contact, and the enhanced

synergistically improve the rate performance.

conductivity
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Fig. 7 Nyquist plot and equivalent circuit

2.5 Morphology of electrode after cycling
To study the volume and morphology changes of
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electrode materials after cyclic use, the electrode surface
of the material was characterized. As shown in Fig. 8,
despite slight swelling of SnO, particles after cycling,
their spherical morphology remains intact, with uniform
distribution on NC nanosheets and no observable cracks.
This stable, porous and dual-carbon structure effectively
mitigates the volume expansion of SnO, , greatly reducing
the collapse and pulverization of the material structure
during the cycling process, thereby exhibiting excellent
electrochemical performance.

o e 2um

Fig.8 SEM image of C/SnO, @ NC@ CC after 120 cycles

3 Conclusions

We constructed a novel C/SnO,@NC@CC

architecture by  integrating  core-shell ~ C/SnO,
nanoparticles with CC-supported N-doped carbon derived
from Co-MOF (C@NC@CC), achieving enhanced
interfacial electron transfer and structural stability.
C/SnO, @ NC@ CC has better electrochemical properties
compared to SnO, @ NC@ CC with charge and discharge
specific capacities of 2 066.0 and 2 077.1 mAh/g at
0.5 A/g after 120 cycles. C/SnO,@NC@ CC exhibits
outstanding electrochemical performance as an LIB
anode. This superiority originates from its unique
hierarchical structure. Specifically, the integrated carbon
spheres, CC, and Co-MOF-derived carbon frameworks
collectively form an efficient conductive network. This
architecture simultaneously shortens lithium-ion diffusion
paths and enlarges -electrolyte-active material contact
areas. Consequently, the composite achieves significantly
enhanced electrical conductivity. The core-shell structure
centered on carbon balls, combined with carbonized
Co-MOF, provides a reference for the improvement of
Sn-based electrodes in lithium/sodium/potassium ion
batteries and other fields.
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