Current Research in Green and Sustainable Chemistry 4 (2021) 100099

LSEVIER

Current Research in Green and Sustainable Chemistry

journal homepage: www.elsevier.com/journals/
current-research-in-green-and-sustainable-chemistry/2666-0865

© Current Research in

Contents lists available at ScienceDirect Green and

Sustainable Chemistry

Partof the CORE s

Fabrication and electrochemical performances of SnO,@C R)

composite materials

Check for
updates

Shangkun Wang ®", Guiying Xu®""", Kun Wang®>""", Beibei Han ¢, Yingxin Wang ¢,
Lixiang Li*”, Dongying Ju‘, Maorong Chai ¢, Dakui Zhang *”, WeiMin Zhou *""

# Key Laboratory of Energy Materials and Electrochemistry Research Liaoning Province, University of Science and Technology Liaoning, Anshan 114051, PR China
Y Ansteel Chemical Co., Ltd, No.1 Huangang Road, Tiexi District, Anshan City, Liaoning Province, China

¢ JiXi Weida New Material Technology Co., Ltd, No 8, Lexin Street, Jiguan Industrial Park, Jixi City, Heilongjiang Province, China

4 Advanced Science Research Laboratory, Saitama Institute of Technology, 1690 Fusaiji, Fukaya, Japan

ARTICLE INFO ABSTRACT

Keywords:

SnO, compound

Metal oxides

Lithium ion batteries (LIBs)
SnO,@C composite materials

SnO,@C composite materials are facilely fabricated by reaction using the gelatin, SnCl4e5H,0 and aqueous
NH3eH,0 by one-step method. Compared to the SnOj, the prepared SnO,@C composite materials show the
fabulous improvement about rate performances and cycling performances, when controlling the carbon contents
of carbon in SnO,@C composite materials. As an example, SnO,@C-40 shows the cycling performance at 397.7
mAh/g, after carrying out the charge-discharge cycles 500 times at 0.1 A/g. These ameliorated electrochemical

performances lead us to consider our provided preparation method is the efficient way to facilitate the application
of SnO,@C in fabrication of lithium ion batteries (LIBs) as negative electrode materials.

1. Introduction

To address the problem regarding to the greenhouse gas emissions,
the unfolding of electric vehicle (EV) is extensively encouraged in the
world. Therefore, the development of researches about electrodes of LIBs
becomes extremely popular [1]. In particular, the developments about
negative materials are exceedingly active than ever before.

Recently, to obtain the negative materials having high storage ca-
pacity, a large number of researchers pour attention to the transition
metal oxides such as Fe;O3, Fe304, FeO, SnO; and MnO, because they
have the high theoretical capacity [2-5]. Thereinto, SnO, has been
intrigued significantly because the SnO, possesses the high theoretical
capacity and relatively low cost [6,7].

It is well known that volumetric expansion problem restricts the
cycling performances of transition metal oxide materials. Similarly, it is
unavoidable that this problem also restricts the application of SnO, as
electrode materials. Thus, a lot of methods are unfolded to solve afore-
mentioned anguish problem about application of SnOs. For instance, it is

aware of that making the SnO5 to possess nano size is more effective way
to overcome the volumetric expansion of SnO, [8]. Additionally,
covering the carbon materials on the surface of SnO, is another general
effective method to enhance the electrochemical performances of SnO5
because the carbon materials can increase the conductivity not only, but
also can restrict the volumetric expansion of SnO, [9-11].

Gelatin as carbon source is widely utilized to cover the metal oxides to
restrict their volumetric expansion by now, for the gelatin possesses a
plenty of organic groups which can remarkably facilitate the metal oxide
compounds disperse in it [12-14]. On the basis of industrialization
viewpoint, we attempt to use the gelatin as carbon source to cover the
metal oxide compounds by one step method. In our presented studies, the
Fe;Sg@C composite materials were prepared successfully, and its excel-
lent electrochemical performances were described [14].

Likewise, in order to expand SnO; in actual application to fabricate
electrodes, we also performed the preparation of SnO,@C materials by
one stage method that SnCl4e5H,0 directly reacted with the aqueous
NH3eH;0 and gelatin. As a result, it is observed that the SnO; in
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amorphous state exists in SnO>@C composite materials, which was
verified by measurements of X-ray diffraction (XRD) and transmission
electron microscope (TEM).

Compared to the SnO,, the SnO>@C composite materials exhibit the
remarkable improvement about electrochemical performances, indi-
cating that one stage method using the gelatin as carbon source to cover
the SnO, is also effective way to enhance the electrochemical perfor-
mances of SnOs.

2. Experimental
2.1. Characterization

The measurements of XRD were carried out by X'pert Powder in-
strument from PANalytical, Holland. Scanning electron microscope
(SEM) morphologies were evaluated by instruments of Carl Zeiss AG,
Germany and Apreo, FEI Ltd., USA. Thermogravimetric analysis (TGA)
was performed by thermal gravimetric analyzer (TG209F3) of NETZSCH
Group, Germany. The X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out by Axis Ultra DLD instrument of Kratos, UK.
Nitrogen adsorption and desorption isotherm was measured by Quad-
rasorb autosorb-iQ surface analyzer which was purchased from Quan-
tachrome Instruments, USA. Specific surface area was determined in
detail, according to the BET method. The pore size distribution was
assessed by BJH model for slit pores. Electrochemical measurements
were performed by the electrochemical system (CHI660E) of ChenHua,
Shanghai, China. Table type high speed centrifuge was purchased from
Shanghai Fichal Analytical Instrument Co., Ltd., China. TEM measure-
ments were carried out by the HF-3300 Hitachi, Ltd., Japan.

2.2. Preparation of SnO2 nanospheres

On the basis of report by Mohanta et al. the SnO, nanospheres were
prepared successfully [15]. The SnCl405H>0 (0.35 g) was dissolved in the
deionized water (40 mL). The NH3eH,0 (4 M) was dripped into the so-
lution containing the SnCl4e5H50 until the pH value became the 7. It is
found that the white solids clearly formed with stirring the obtained
mixture solution for 1 h. After filtration, the white solids were obtained
and respectively washed by deionized water and anhydrous alcohol with
three times. Finally, after the obtained solids had been dried at 80 °C for
12 h and then treated at 500 °C for 3 h in air, the SnO, nanospheres were
obtained successfully.

2.3. Preparations of SnO2@C composite materials

Firstly, the gelatin (10 g) was dissolved in the deionized water (90
mL) at 80 °C, and the obtained solution was uniformly stirred with the
300 r/min. As a result, the gelatin solution with light yellow colour was
obtained and named «. Thereafter, the SnCl;e5H>0 (0.35 g) was
respectively dissolved in the deionized water (40 mL) with stirring for
0.5 h in the three beakers, and the colourless transparent solution were
obtained and named as p solution.

Continuously, the @ solutions owning the volumes of 15 mL, 40 mL
and 90 mL were respectively added into the B solution. After stirring the
obtained mixture solutions for 30 min, the NHzeH>0 (4 M) was dripped
into the solution until the pH value became around 7. The obtained so-
lutions were stirred at 60 °C until they became the milk white suspen-
sions. After cooling the reaction cases to room temperature, the white
solids in gel state were obtained.

The obtained white solids were dried in the oven at 80 °C for 16 h,
and then obtained solids were ground into powders. The powders were
placed in the furnacetube, and treated at 500 °C for 3h in Nj. After
cooling the solids to the room temperature, the products were obtained
and named as SnO,@C-15, SnO,@C-40 and SnO,@C-90, respectively,
according to the usage of volumes of gelatin solutions (a).
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2.4. Electrochemical measurements

The electrochemical cells were assembled using the SnO,@C com-
posite materials. Firstly, SnO2@C composite materials (0.08 g) were
respectively mixed with acetylene black (0.01 g) and polyvinylidine
fluoride (PVDF) binder (0.01 g) in a weight ratio of 80:10:10 in N-
methyl-2-pyrrolidone (NMP) solution. The obtained slurry was coated on
the Cu foil and dried in vacuum drying oven at 80 °C for 1 h to remove
solution. Subsequently, the Cu foil with the active materials were dried at
120 °C for 12 h in the same vacuum drying oven and cut into round shape
strips of ¢ 11 mm in size. The mass loading of the active materials was
controlled at 1.20 mg/cm? The two-electrode electrochemical cells
(CR2032 coin-type) were assembled in a glove box filled with high-purity
argon, in which cells were assembled using the lithium metal foil (¢
15.60 mm x 0.45 mm) as reference electrode, Celgard 2400 microporous
membrane as separator, and 12-13 wt% of LiPF¢ in the mixture of EC,
DMC, EMC (1:1:1, vol%) as electrolyte. Galvanostatic charge-discharge
test was carried out by LAND (CT 2001A) battery test system in the
voltage range of 0.05-3.00 V. The same electrochemical cells were also
used to carry out measurements of cyclic voltammetry (CV). CV and
electrochemical impedance spectroscopy (EIS) measurements were car-
ried out using the CHI 660E. The CV curves were recorded in the voltage
region of 0.05-3.00 V at scan rate of 0.2 mV/s. The impedance spectra
were recorded in a frequency range of 100 kHz - 0.01 Hz, and the
amplitude was 5 mV.

3. Results and discussion

Firstly, the carbon contents covered on the surface of SnO, were
investigated by TGA measurements in air. As shown in Fig. S1, the pre-
pared SnO,@C-15, SnO>,@C-40 and SnO>@C-90 manifested the weight
loss before 300 °C, which was spontaneously attributed to the loss of
water [16,17]. The intense weight loss in the temperature range of
300-600 °C was ascribed to the burning of the carbon materials [18].
Finally, based on the residual quantity of SnOg, the carbon contents of
Sn0,@C-15, SnO>,@C-40 and SnO,@C-90 were respectively calculated
at 62.0%, 68.2% and 74.2%.

The morphologies of SnO; nanospheres and SnO,@C composite
materials were evaluated by SEM measurements. Similarly, it is also
observed that nano sphere SnO, particles were successfully prepared in
our studies (Fig. 1a-b). In contrast, the morphologies of SnO,@C com-
posite materials showed the irregular blocky shapes, which were entirely
different from the SnO, nanospheres (Fig. 1c-d). After the evaluations of
EDS, it was evident that C, N, O, Sn elements exist on the surface of
SnO,@C composite materials (Fig. S2).

The elements on the surface of SnO>@C composite materials were
investigated by XPS measurements in detail. Firstly, the peaks of C1s, Ols
and N1s were observed at 284.9 eV, 532.0 eV, 398.7 eV, respectively
(Fig. 2a). To amply investigate the compounds on the surface of SnO,@C
composites, the aforementioned pecks were specifically analyzed. For
instance, the Cls peak was fitted to the four peaks that are attributed to
the C-C bound (284.7 eV), C-0O (285.7 eV), C=0 (287.8 eV) and C-0-O
(289.0 eV), respectively (Fig. 2b). The peaks of 487.0 eV and 495.5 eV
that are attributed to the Sn3ds,, and Sn3ds,2 were observed respectively
(Fig. 2¢). The energy difference between the Sn3ds,2 and Sn3ds,; is 8.5
eV which coincides with the characterization of Sn** existing in SnO>@C
composite materials [19]. Additionally, it was distinctly observed that
N1s was able to be fitted four peaks such as 398.6 eV, 400.0 eV, 401.1 eV
and 403.2 eV which correspond to the pyridinic N, pyrrolic-N, graph-
itic-N and oxide-N, respectively (Fig. 2d) [20]. It is naturally considerable
that nitrogen elements brought by gelatin can improve the conductivity
of SnO,@C composites.

The structures of SnO>@C composite materials were further verified
by XRD measurements (Fig. 3). It was found that the four peaks of 27°,
34°, 38° and 52° that are respectively ascribed to the four lattice planes of
(110), (101), (200) and (211) of SnOy crystal (Fig. 3a) [21,22]. In
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Fig. 1. (a) and (b) show the SEM morphologies of SnO,, (c) and (d) exhibit the SnO,@C-40 composite materials.
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Fig. 2. XPS results of SnO,@C-40.

However, the characteristic peaks of SnO, were not expressly verified in

accordance with the standard card as ICOD 01-077-0448 (Fig. 3b), it is
SnO,@C composite materials, leading us to consider that SnO; with

clearly indicative of that the SnO particles were prepared successfully.
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Fig. 3. XRD results of samples.

amorphous state mainly exists in SnO;@C composite materials
(Fig. 3d-f).

In addition, to investigate the detailed structures of SnO,@C com-
posite materials, the TEM measurements were performed in detail. It was
obvious that the SnO; having slight agglomeration phenomenon
dispersed in the carbon materials (Fig. 4a). Fig. 4b reveals that SnO,@C
composite materials mainly are the amorphous state. However, similar to
the report by Li et al. it is evident that the SnO, having microcrystal
structures partly exist in SnO2@C composite materials [23]. As shown in
Fig. 4C, we calculated their lattice distances of d;, d and d3 at 0.34 nm,
0.33 nm and 0.27 nm, which corresponded to the three lattice planes of
SnO; such as (110), (110) and (101), respectively (Fig. S3) [24]. These
results provide another evidence for indicating the fact that SnO exist in
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the SnO,@C-40 composite materials.

The BET methods were used to investigate the conversions of surfaces
and structures of SnO,@C composite materials. Compared to the
SnO2@C-15 and SnO,@C-90, the relatively big mesoporous (12.3 nm)
appeared in the SnO,@C-40 (Fig. S4). Additionally, SnO,@C-40
exhibited the relatively bigger specific surface area than the SnO,@C-15
and SnO,@C-90 (Table S1). These results reveal that controlling the
carbon contents in SnO,@C composite materials also could converse
their structures remarkably.

According to the general evaluation methods, the electrochemical
performances of SnO>@C composite materials were evaluated system-
atically [25]. Fig. 5a illustrated the cycle performances of carbon, SnOy
and SnO,@C composite materials. In comparisons with carbon and SnO»,
the SnO,@C composite materials manifested the noticeable improve-
ment of cycle performances. After carrying out charge-discharge 100
times, the SnO,@C-15, Sn0,@C-40 and SnO,@C-90 showed the Li™ ion
storage capacity at 321.9 mAh/g, 353.6 mAh/g and 307.9 mAh/g,
respectively, which were extremely higher than the 57.8 mAh/g of SnO,
and 111.9 mAh/g of carbon materials (obtained from carbonization of
gelatin). Especially, the Li ™ storage capacity of SnO,@C-40 was
increased to the 397.7 mAh/g, after the charge-discharge processes were
carried out 500 times (Fig. 5C). It was also observed that SnO,@C-40
displayed the analogous cycling performance behavior, similar to pre-
sented reports [26,27]. Namely, when conducting the charge-discharge
154 times, the Li" storage capacity began to exhibit the increased ten-
dency until the charge-discharge was carried out 500 times. This phe-
nomenon is presumably ascribed to the influence of reversible formations
of polymeric gel-like film on the surface of SnO,@C-40.

The evaluations about the rate performance results are showed in
Fig. 5b. After carrying out the charge-discharge 10 times at different
current densities such as 0.1 A/g, 0.2 A/g, 0.5 A/g, 1.0 A/g, respectively,
the SnO,@GC-40 showed the Li' storage capacity at 385.3 mAh/g when
the current density recovered to the 0.1 A/g again. By contrast, the SnO»,
SnO,@C-15 and SnO,@C-90 respectively displayed the storage capacity
at 50.5 mAh/g, 274.6 mAh/g, 322.6 mAh/g, when the current density
recovered to the 0.1 A/g again. These results revealed that SnO,@C-40
possessed the more tremendous rate performances than SnOs, SnO,@C-
15 and SnO,@C-90, respectively.

The charge-discharge properties of SnO, and SnO»@C materials were
displayed as shown in Fig. 6. The coulombic efficiencies of SnOs,
Sn0O,@C-15, SnO>,@C-40 and SnO,@C-90 were exhibited at 49.6%,
54.5%, 51.0% and 73.3% on the first cycle, and recovered to 100% after
second cycle. In general, the coulombic efficiencies after second cycle are
improved by the formation of SEI to prevent electrolyte decomposition.
In comparison with the fact that charge-discharge plateau was observed
in SnO,, the similar charge-discharge plateaus were inconspicuously
found in the SnO,@C composite materials, which is attributed to their
principal amorphous structures.

As shown in Fig. 7a—d, the reduction potentials were detected at 0.51
V, 0.64 V, 0.63 V and 0.63 V respectively on the first cycle, which were
generally assigned to the formation of solid electrolyte interphase (SEI)

Fig. 4. TEM analyses about SnO,@C composite materials. b) is the image of the selected area electron diffraction (SAED). c) is the magnified image of (a).
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Fig. 7. CV measurements of SnO; (a), SnO,@C-15 (b), SnO>@C-40 (c) and SnO,@ C-90 (d) at scan rate as 0.2 mV/s.

[28]. According to the report by Kisu et al. the reductive peaks of 0.10 V,
0.05 V, 0.05 and 0.06 V on first cycle were considered to the alloying
reaction of Sn with Li*. The de-alloying reaction peak of Li,Sn of SnO,
was observed at 0.63 V, and the peak attributing to the oxidation (Sn was
oxidized to the SnO,) was observed at 1.15 V (Fig. 7a) [29]. By contrary,
the SnO,@C-15, SnO,@C-40 and SnO>@C-90 did not clearly show the
de-alloying peaks on the same first cycles (Fig. 7b-d). Concurrently, the
Sn0,@C-15, SnO,@C-40 did not show the peak about oxidation that Sn
was oxidized to the SnO,, but this oxidation peak could be detected at
1.26 V in SnO,@C-90 on the same first cycle (Fig. 7b-d) [30].

On the other hand, it was clarified that SnO,@C-15, SnO>,@C-40 and
SnO,@C-90 respectively showed the de-alloying peaks at 0.75 V, 0.77 V
and 0.69 V on the second cycle (Fig. 7b-d). Meanwhile, on the same
second cycle, the peaks that Sn was oxidized to SnO could be detected at
1.12 V, 1.28 V, 1.41 V and 1.19 V, respectively (Fig. 7a-d) [30].
Furthermore, similar to the SnO; particles, the slightly shifting of po-
tentials about the aforementioned de-alloying and oxidation peaks of
SnO,@C composite materials was also observed on the third cycle,
indicating that SnO,@C composite materials possess the imperfect
reversibility, which probably contributed to that SnO5 having amorphous
state exists in the SnO,@C composite materials [31]. On the other side, it
was observed that the peaks about the SEI did not show the obviously
changing in the third cycle (Fig. 7b-d).

Fig. 8 manifested the electrochemical research-impedance results of
SnO,@C composite materials. As per the report by Wang et al. the EIS
measurements were performed after charge-discharge 10 cycles [32]. As
a result, the diameter of the semicircle of negative electrodes of
SnO>,@C-40 was much smaller than that of SnO,, SnO,@C-15 and
SnO,@C-90. Meanwhile, the impedances of SnO,;, SnO,@C-15,
SnO->@C-40 and SnO>,@C-90 were calculated at 123.0 Q, 281.9Q, 20.9Q
and 99.9 Q, respectively (Fig. 8a, Table S2) [33,34]. On one hand, the
kinetic differences between SnO,;, SnO,@C-15, SnO,@C-40 and
SnO,@C-90 were further confirmed by ¢ value of Warburg coefficient in
Fig. 8b. The ¢ value could be obtained by measurement of the Randles

plot which is plotting of Z’ with ® 2 (o = 2xf) for a low-frequency [35,
36]. Larger value of ¢ is able to reflect the poor ion diffusion perfor-
mance. As a result, the ¢ corresponding values of SnO,, SnO,@C-15,
SnO2@C-40 and SnO,@C-90 were respectively calculated at 848.1 Q
s712,133.1 Q5712 44.0 @ s7? and 412.8 Q@ s~ /2, indicating that the
SnO,@C-40 possessed the remarkably higher Li * transfer than SnOs,
SnO,@C-15, Sn0O>,@C-40 and SnO,@C-90. These aforementioned results
indicated that SnO,@C-40 electrode possesses lower charge-transfer
impedances than other materials, corresponding to the tendency of
measurement results of rate performances.

BET results can explain the reason that SnO>@C-40 owns the excel-
lent Li " transfer because the SnO»@C-40 possessed the relatively bigger
porous structures than others (Fig. S4). Moreover, associating with the
TGA results (Fig. S1), these results also are suggestive of that exceedingly
improved conductivity naturally linked to the suitable carbon contents in
SnO,@C-40 composite materials.

Finally, in view of the reports by Wang et al. we investigated the
storage mechanism by the dynamic analysis based on the CV curves at
scan rates from 0.2 mV/s to 5.0 mV/s [37]. According to the dynamic
analysis using CV measurement results at sweep rate of 2 mV/s, the
SnO,@C-40 shows the relatively capacitive contribution at (55.4%)
which is higher than SnO,@C-15 (52.7%) and SnO,@C-90 (52.2%)
(Fig. 9). Indeed, the SnO,@C-40 also shows the higher capacitive
contribution than SnO,@C-15 and SnO,@C-90 at other scan rates. These
results reveal that increased capacitive contribution plays the role to
improve storage capacity of SnO,@C-40 (Fig. S5). At the present stage,
we infer that SnO; having the microstructures in SnO,@C composite
materials probably play the rule to enhance the pseudocapacitance effect,
which leads to the enhancing of capacitive effect [38].

4. Conclusions

The storage capacity of SnOj is successfully enhanced by covering the
carbon materials on its surface. It is aware of that one-step method using
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Fig. 9. The capacitive contributions in storage capacity of SnO,@C-15, SnO,@C-40 and SnO,@C-90 are illustrated. Thereinto, (a), (b) and (c) are the CV mea-
surement results at different scan rates. (d), (e) and (f) are the CV curves with capacitive fraction demonstrated by the shaded area at a scan rate of 2 mV/s.

the NH3eH,0 (4 M), gelatin as carbon source and SnCl4e5H50 as tin
source is effective and facile way to fabricate SnO,@C composite mate-
rials. Compared with the SnO,, the SnO,@C-40 composite materials
show the more fabulous Li" storage capacity (397.7 mAh/g), after
cycling charge-discharge 500 times. It is identified that controlling the
carbon contents in SnO,@C composite materials is pivotal factor to up-
grade the Li" storage capacity. In storage mechanism, the pseudocapa-
citance effect that produced by microcrystalline structure of SnOj
existing in the SnO,@C composite materials plays the role to improve
storage capacity. The possibility of SnO, as negative electrode materials
in actual fabrication of LIBs is unveiled through our studies.
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