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Abstract: Tin dioxide (SnO,) is a low-cost and high-capacity anode material for lithium-ion batteries,
but the fast capacity fading significantly limits its practical applications. Current research efforts
have focused on preparing sophisticated composite structures or optimizing functional binders,
both of which increase material manufacturing costs. Herein, we utilize pristine and commercially
available SnO; nanopowders and enhance their cycling performance by simply narrowing the
potential range and optimizing electrolytes. Specifically, a narrower potential range (0-1 V) mitigates
the capacity fading associated with the conversion reaction, whereas an ether-based electrolyte
further suppresses the volume expansion related to the alloy reaction. Consequently, this SnO, anode
delivers a promising battery performance, with a high capacity of ~650 mAhg~! and stable cycling for
100 cycles. Our work provides an alternative approach to developing high-capacity and long-cycling
metal oxide anode materials.
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1. Introduction

Li-ion batteries (LIBs) are considered one of the most important inventions that have
transformed our way of electric energy use, ranging from portable electronics (cellphones,
laptops) to electric vehicles (EVs) [1,2]. LIBs work on a classic “rocking-chair” battery mech-
anism, featuring a layered metal oxide cathode and a layered graphite anode [3]. However,
the moderate capacity in the graphite anode (~370 mAh g~') restricts the LIB energy
density to 150-200 Wh kg !, which cannot satisfy the growing demand for high-energy
applications, especially long-range EVs [4,5]. Moreover, the Li* intercalation potential in
the graphite (0.1 V) is close to that of Li metal plating, which limits the fast-charging capa-
bility in LIB full cells [6-8]. Otherwise, Li plating will take place on the graphite surface,
leading to safety concerns. Therefore, it is of vital importance to develop an alternative
anode material with higher capacities and suitable potentials.

Alloy-based materials are promising choices for high-energy batteries [9-13], due
to their high capacity (600-2800 mAh g~!) and feasible reaction potentials (0.2-1.0 V).
Among various alloy-based materials, tin dioxide (SnO;) stands out as a promising can-
didate [14-16]. Firstly, it exhibits a high theoretical capacity of 1491 mAh g~! based on
eight-electron reactions, which is much higher than that of graphite (372 mAh g~!) and
LisTi5O15 (175 mAh gfl). In the 1-2 V potential range, it first reacts with 4 Li* and converts
to lithium oxide (Li;O) and tin metal, leading to a good capacity of 711 mAhg~!. Subse-
quently, in the 0-1 V range, the Sn metal further reacts with 4.4 Li* ions and transforms into
a Lig 4Sn alloy, resulting in an extra capacity of 783 mAhg~!. Secondly, this material has a
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desirable reaction potential with an average potential of ~0.4 V vs. Li/Li*, which is higher
than graphite (~0.1 V) but much lower than LigTisO1p (~1.5 V). Therefore, it effectively
avoids the Li metal plating issue on the graphite anode under abnormal conditions and
ensures a high voltage output in the full-cell configuration. Thirdly, SnO; is a low-toxicity
material with relatively low cost and easy synthesis. Lastly, SnO, contains the tin metal ele-
ment, leading to good electric conductivity. This is an advantage over silicon-based anodes,
which exhibit moderate electric conductivity. Based on these considerations, SnO, has
been extensively studied for Li-ion batteries in the past two decades [17-19]. However, this
anode material has yet to be commercialized, due to its underlying working mechanisms
and substantial challenges. Firstly, the conversion reaction in the high-voltage range (1-2 V)
is associated with two-phase solid—solid contact (Sn + Li,O), which shows intrinsically
low reversibility and results in fast capacity fading. Secondly, this material encounters an
overall large volume change ratio, which damages the solid—electrolyte interphase (SEI),
further contributing to the capacity fading.

To address these issues, researchers have proposed the use of nano-sizing or carbon
coating to enhance battery performance [20,21]. For instance, Hong et al. demonstrated a
SnO,-based structure embedded in a hierarchical porous carbon framework and further
coated it in a nitrogen-doped carbon layer, which showed a long-term cycling of 500 cycles
with ~730 mAhg ! capacity retention [22]. As another example, Wang et al. fabricated
ultrafine SnO, nanoparticles anchored in carbon framework microbelts, which delivered a
high capacity of 925 mAhg~! after 250 cycles [23]. However, it is noted that the research
innovation is mostly on materials instead of the potential range or electrolytes. Therefore,
there is a knowledge gap on how the potential range and electrolyte properties affect SnO,
anode performance.

Herein, we used a simple and effective method to enhance SnO, performance by
narrowing the working potential and optimizing the electrolyte. We find that the capacity
fading mostly comes from the conversion reaction (1-2 V region) in the conventional
carbonate electrolyte, and a higher capacity retention can be achieved in a narrower range
of 01 V. Moreover, replacing the carbonate electrolyte with an ether electrolyte reduces
side reactions and alleviates electrode pulverization, which further enhances the capacity
and cycling performance. Consequently, this pristine and commercially available SnO,
material exhibited a high capacity of 650 mAh g1, a good rate capability of 1000 mA g1,
and a stable cycling performance of 100 cycles (89% retention).

2. Materials and Methods
2.1. Electrode Preparation

Tin (IV) oxide was purchased from Sigma-Aldrich (St. Louis, MO, USA) (99.9%
metal basis) without further treatment. To make the electrode, SnO, was ground with
Super P carbon and sodium-carboxymethyl cellulose binder (Na-CMC, MTI Corporation,
Richmond, CA, USA, 99.5% purity) in a weight ratio of 7:2:1 into a homogeneous slurry,
which was coated on the copper foil substrate (9 um thickness, MTI Corporation, Richmond,
CA, USA, battery grade). The electrode was dried at room temperature overnight. The
electrodes were punched into circular shapes (1 cm in diameter) and vacuum-dried before

being transferred into the glovebox. The active mass loading per electrode is ~1.8 mg cm 2.

2.2. Coin Cell Assembly

The SnO; electrode was transferred to a glovebox (VigorTech, Houston, TX, USA) to
assemble 2032-type coin cells, using a lithium foil as the counter and reference electrode
and a polypropylene ethylene PPE (Celgard, Charlotte, SC, USA) separator. Two different
electrolytes were used to compare the electrochemical performance. We prepared 2 M
of LiPFy in a 1:1 (v/v) ratio of tetrahydrofuran (THF, Sigma Aldrich, St. Louis, MI, USA,
>99.9%) and 2-methyltetrahydrofuran (m-THF, Sigma Aldrich, >99.5%), which is referred
to in this work as the ether-based electrolyte. Meanwhile, 1 M of LiPFg in a 1:1 ratio of
ethylene carbonate and diethyl carbonate (EC/DEC, Sigma Aldrich, battery grade) with
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10% of fluorethylene carbonate (FEC, Sigma Aldrich, >99.0%) is referred to as the carbonate
electrolyte. Both electrolytes were prepared by dissolving salt into the solvent mixtures in
their respective ratios inside an Ar-filled glovebox.

2.3. Physical and Electrochemical Characterization

XRD results were obtained on the Rigaku SuperNova (HyPix3000 X-ray detector, CuKo
radiation source A = 1.5406 A) (Rigaku Corporation, Tokyo, Japan). SEM images and EDS
mapping were recorded using a field emission scanning electron microscope (SEM, JEOL,
JSM-6480LV) (JEOL, Akishima, Japan). GCD, rate, and cycling performance were tested on
the Landt battery tester (CT3002AU) (Landt Instruments, Guangdong, China). EIS analysis
was performed on the Biologic potentiostat (SP-150) (BioLogic, Seyssinet-Pariset, France).

3. Results and Discussion

In this work, we aim to reveal the effect of the potential range and electrolyte on
5SnO; performance. Therefore, a commercially available SnO, material was directly used
without further treatment. This material was simply ground with carbon in a mortar
for 15-20 min and then made into electrodes for use, which can reduce the material and
electrode manufacturing cost. It is noted that this research experience can extend to other
types of SnO, materials in future studies, which can lead to even better battery performance.

Figure 1a shows the X-ray diffraction (XRD) pattern, where all the diffraction peaks
can be attributed to the standard SnO; compound (PDF#41-1445). According to the litera-
ture [24], it adopts a cassiterite crystal phase with a tetragonal rutile structure (space group:
Dy'* P4/mnm). There are no extra unidentified peaks, indicating a high chemical purity.
The diffraction peaks are somewhat broad, implying a nanometer particle size.
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Figure 1. Physical characterizations of the SnO, material. (a) XRD pattern; (b—e) SEM images at
different magnifications; (f) EDS elemental and mapping analysis.

We utilized scanning electron microscopy (SEM) to examine the SnO, morphology
features. Before grinding, the pristine material exhibits an agglomerated spherical morphol-
ogy (Figure 1b,c), and the sphere size reaches 30-50 um. This micro-sized and spherical
morphology is beneficial to increase the tap density of electrode materials [25,26], which
is a desirable property in Li-ion batteries. Close examination reveals that the agglom-
erated chunk is composed of many nano-sized SnO; sub-particles (Figure 1d,e). These
5SnO; sub-particles are well dispersed, and their particle size is approximately 10-100 nm
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(Figure le inset). Energy-dispersive spectroscopy (EDS) finds that the Sn and O elements
are homogeneously distributed in the sample (Figure 1f), and the atomic ratio is close to
1:2, suggesting the purity of the material.

In most SnO; studies [20,27], a wide potential range of 0-2 V has been utilized, which
contributes to a higher capacity, yet at the cost of decreased cycling stability. As a result,
obvious capacity fading can be observed even within a few cycles. Herein, we utilized two
potential ranges for comparison: 0-2 V and 0-1 V. The battery performance is evaluated in
a standard electrolyte of 1 M LiPF¢/EC-DEC (1:1 volume ratio, 10% FEC additives).

Figure 2a displays galvanostatic charge/discharge (GCD) curves of the SnO, material
in the 0-2 V range, wherein the initial discharge/charge capacity is 1524/999 mAh g~ !,
corresponding to a moderate Coulombic efficiency of 65.53%. There is a long discharge
plateau at ~0.8 V, and the capacity is not reversible, which is likely due to the carbonate
electrolyte decomposition and the SEI formation [28,29]. Although the initial charge
capacity is as high as ~999 mAh g1, the charge capacity quickly fades to 795 mAh g~! in
30 cycles. Close observation reveals that the capacity fading mostly comes from the 1-2 V
range, whereas the 0-1 V region capacity is significantly more stable. This phenomenon
motivates us to test the SnO, performance in the 0-1 V range only. As shown in Figure 2b,
the SnO; electrode exhibits much-improved and well-overlapped GCD curves, with the
capacity stabilized at ~600 mAh g~! for 30 cycles without noticeable fading.

Figure 2c shows the capacity and Coulombic efficiency comparison of these two
conditions. Despite the lower capacity in the 0-1 V range, SnO; retains a much better
capacity retention of 84% over 100 cycles. By contrast, the capacity retention is only 43%
in the 0-2 V range. Additionally, the average Coulombic efficiency in the 0-1 V range is
98.2%, which also exceeds that in the 0-2 V range (97.1%). We believe that the SnO; reaction
mechanism accounts for its performance difference (Figure 2d) [30,31]. It is well reported
that during the initial Li* insertion (1-2 V), SnO, experiences a conversion reaction and
forms Li;O and Sn metal as the intermediate products. Upon further lithiation (0-1 V),
the Sn metal further reacts with Li* ions and yields Lis 4Sn alloy, whereas the Li;O matrix
remains unreacted and can partially buffer the volume change. Since the conversion
reaction relies on two-phase solid—solid contact (Sn + LiO), the reaction reversibility is
inferior to the subsequent one-phase alloy reaction (Li* ions + Sn). Therefore, when a
narrower potential range is used, a much-improved cycling performance can be achieved.
This phenomenon also suggests that we can obtain a high-capacity and long-cycling SnO,
electrode by sacrificing certain capacities.

We then explored the electrolyte properties to further enhance the SnO, performance,
where two representative electrolytes were selected: the conventional carbonate electrolyte
of 1 M LiPF4/EC-DEC + 10% FEC additives and the newly developed ether electrolyte
of 1.0 M LiPFs/THF-mTHE. Of note, the ether electrolyte has been reported to induce the
formation of lithium fluoride-rich SEI layers [32], which can markedly boost the Li metal
and alloy battery performance when used with silicon, tin, and antimony.

Figure 3a provides the GCD curve of SnO, in the ether electrolyte in the 0-1 V range,
wherein a representative and well-overlapped charge/discharge curve is obtained. Com-
pared with the carbonate electrolyte, this ether electrolyte leads to a higher charge capacity
of ~650 mAh g~1. Impressively, the ether electrolyte also renders an improved rate perfor-
mance. As shown in Figure 3b, the charge capacity is 623, 602, 580, 559, and 539 mAh g’l
at 100, 200, 300, 500, and 800 mA g_1 current density, respectively. Even at 1000 mA g_l,
the charge capacity is still 528 mAh g~!, which corresponds to a capacity utilization of
~81%. In stark contrast, the carbonate electrolyte exhibits an overall inferior rate perfor-
mance, suggesting slower reaction kinetics. Of note, there is a slight capacity increase in
Figure 3b at 800 mA g~!, which was due to the temperature variation during the battery
testing process. In addition, the ether electrolyte results in a better cycling performance.
As shown in Figure 3¢, the SnO, electrode retains a good capacity of ~567 mAh g~! after
100 cycles in the ether electrolyte, but it only exhibits a lower capacity of ~499 mAh g~!
in the carbonate electrolyte. Additionally, the average Coulombic efficiency in the ether
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electrolyte (99.67%) surpasses that in the carbonate one (98.81%). To better summarize our
results, we made a table in Supplementary Materials (Table S1) to compare the electrodes,
electrolytes, capacities, and cycling performance.
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Figure 2. Electrochemical characterizations of SnO; in different voltage ranges. (a) CGD curves in the
0-2 V range; (b) GCD curves in the 0-1 V range; (c) the capacity and Coulombic efficiency comparison
during cycling; (d) the scheme of the conversion—-alloy reaction mechanism. The electrolyte is 1 M
LiPF4/EC-DEC (1:1 volume ratio, 10% FEC additives).
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Figure 3. Electrochemical performance comparison of SnO, in carbonate and ether electrolytes.
(a) CGD curves in the 0-2 V range using the LiPFs/THF+m-THF electrolyte; (b) rate performance
comparison; (c) the cycling performance comparison; (d) the impedance comparison; (e) the cross-
sectional SEM image of the cycled electrode in the ether electrolyte; (f) the cross-sectional SEM image
of the cycled electrode in the conventional carbonate electrolyte.

To understand the performance differences, we conducted electrochemical impedance
spectra (EIS) and ex situ SEM tests on the cycled battery. As shown in Figure 3d, these
two batteries demonstrate a similar impedance response, with a semi-circle in the high-
frequency region and a linear slope in the low-frequency region, corresponding to the
charge-transfer resistance and ionic diffusion process, respectively [33-36]. After fitting
the equivalent circuit, we find that the ether electrolyte exhibits a minimal charge-transfer
resistance of 2.4 ohm, which is nearly 32 times lower than that of the carbonate elec-
trolyte (80.6 ohm). Therefore, there is a much lower barrier for Li* ions to cross the
electrode—electrolyte interphase, which corroborates the observed high rate capability. Sim-
ilar phenomena have also been observed in a recent work of MnO, electrodes in aqueous
ammonium-ion batteries [35].

Ex situ SEM reveals more information about electrode pulverization. As shown in
Figure 3e, the cycled SnO, electrode in the ether electrolyte is quite dense and compact,
with a thickness of ~15 pm only. In comparison, the cycled electrode in the carbonate
electrolyte is looser and more porous, with a larger thickness of ~25 um. We reason that
this difference may be related to the SEI formation. It has been reported that this ether
electrolyte leads to the formation of an inorganic-rich lithium fluoride SEI on various anode
materials [33], which is beneficial to maintaining the electrode integrity and alleviating the
volume change. In contrast, it is known that the carbonate electrolyte has both inorganic
and organic SEI components, which cannot effectively address the electrode volume change
ratio. The comparison here clearly proves that electrolyte optimization is a feasible and
promising approach to reinforce the SnO, performance. Future studies will be carried
out with SnO, materials with novel composite structures to achieve even long-cycling
performance.

4. Conclusions

We demonstrated an effective approach to enhance the battery performance of SnO,
materials, wherein the voltage range of 0—1 V and an ether electrolyte were used concur-
rently. By limiting the voltage range, the conversion reaction can be circumvented, and the
alloy reaction is facilitated, leading to improved cycling performance. When the carbonate
is replaced with an ether electrolyte, the alloy reaction reversibility can be further enhanced,
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owing to the reduced charge-transfer resistance and suppressed electrode pulverization.
Consequently, pristine and commercial SnO, delivers a promising battery performance,
with a high capacity of ~650 mAh g~ !, a high rate capability at 1000 mA g~!, and stable
cycling for 100 cycles. Our work provides an alternative understanding and insight into
the use of SnO; as high-capacity and cycle-stable anode materials.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/batteries10090334 /s1. Table S1: The performance comparison
between this work and the literature.
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