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Abstract

Tin-based (Sn) metal anode has been considered an attractive candidate for rechargeable lithium
batteries due to its high specific capacity, safety and low cost. However, the large volume change
of Sn during cycling leads to rapid capacity decay. To address this issue, Sn foil was used as a
high capacity anode by controlling the degree of lithium uptake. We studied the electrochemical
behavior of Sn foil anode in half cell and full cell with sulfur cathode, including phase transform,
morphological change, discharge/charge profiles and cycling performance. Enhanced cycling
performance has been achieved by limiting the lithiation capacity of the Sn foil electrode. A full
cell consisting of a pre-lithiated Sn foil anode and a sulfur cathode was constructed and tested.
The full cell exhibits an initial capacity of 1142 mAh g'! (based on the sulfur mass in the
cathode), followed by stable cycling performance with a capacity retention of 550 mAh g'! after
100 cycles at C/2 rate. This study reports a potential prospect to utilize Sn and S as a

combination in rechargeable lithium batteries.



1. Introduction

Tin-based (Sn) metal anode has attracted much attention as an alternative of graphite anode
for the development of high energy density lithium ion batteries (LIBs) due to its high capacity,
low cost, abundance and non-toxic property [1]. Sn has theoretical capacities of 993 mAh g-! and
2094 Ah L according to the formation of Lis 4Sn, which are about 3 times of the capacities of
graphite (372 mAh g! and 740 Ah L) [2, 3]. However, the large volume change (260%) upon
lithiation/delithiation processes leads to Sn particle fracture and electrode delamination from the
current collector, which result in rapid capacity decay [4-6]. Although much effort has been
made to alleviate these issues for achieving high capacity and good cycle life, such as nano-
structuring Sn [7-11] and developing Sn-based composite materials [12-16], the large volume
change upon cycling is still a hurdle for the practical application of Sn anode. In addition to the
Sn particle-based composite electrode including binder, carbon additive and current collector,
bulk Sn foil has also been used to study its crystallographic changes during lithiation/delithiation
processes and understand the mechanisms of capacity fade. For instance, Rhodes et al. monitored
the phase transformation behavior of sputtered Sn thin films throughout an entire
lithiation/delithiation cycle using in-situ X-ray diffraction (XRD) [17]. The presence of four
phases including white Sn, Li,Sns, B-LiSn, and Li,,Sns were identified. Hassoun et al. reported
the preparation and characterization of various samples of metallic Sn electroplated on a copper
foil under different current and time regimes [18]. Tamura et al. investigated an electrodeposited
Sn layer on copper foil [19]. They found that the poor cycle life was resulted from a lack of
interface strength between the entire part of the active material and the current collector. Yang et
al. studied the behavior of a bulk Sn foil electrode [20]. They concluded that the poor cycle life is

related to an inability to completely remove all the inserted lithium. Recently, an interdigitated



eutectic alloy including Sn and aluminum (Al) has been developed as a high capacity anode [21].
In this eutectic alloy, nanosized electrochemically active Sn domains are surrounded by an

electrically conductive Al network, which enables stable cycling.

Bulk Sn foil electrode offers several advantages over the particle-based composite
electrode, such as ease of fabrication, very high fraction of active materials and high volumetric
capacity. In addition, bulk Sn foil can be easily pre-lithiated and used as the anode for LIBs, in
which the cathode does not contain lithium at the charged state, such as lithium sulfur battery.
There have been few studies on silicon-sulfur batteries [22-24], lead-sulfur batteries [25], and
especially the Sn-sulfur batteries. Hassoun and Scrosati developed a tin sulfur LIB using Sn/C
composite as the anode and Li,S/C composite as the cathode [26]. They concluded that the use
of a Sn/C composite anode eliminates the risk of shuttle effect, which is a major problem in
lithium sulfur battery using a lithium metal anode. However, the Sn/C composite anode still
cannot offer good cycle life due to the large volume change of Sn. It has been proposed that
limiting the degree of lithium uptake in Sn could relieve the fracture problem to some extent
[17]. Due to the advantage of high capacity offered by bulk Sn electrode, we hypothesize that it
is possible to develop a bulk Sn foil anode with both high capacity and good cycle life by

limiting the degree of lithium uptake. In commercial LIBs, the realized capacity of graphite
anode is ~150 mAh g'! when the weights of the copper current collector, conductive carbon, and
polymer binder are included [21]. If the lithium uptake of bulk Sn foil electrode is limited to

20%, it still has a capacity of 198 mAh g-!, which is higher than the realized capacity of graphite

anode. If we consider half of the volume of the graphite electrode is occupied by graphite, the



realized volumetric capacity is about 370 Ah L-!. The capacity of bulk Sn foil electrode is 418

Ah L', considering 20% lithium uptake.

Therefore, the objective of this paper is to investigate the electrochemical behavior of bulk
Sn foil anode in both half cell and full cell with sulfur cathode. In this work, we studied the
phase transform of Sn foil anode by analyzing ex-situ XRD data at different state of charge
during lithiation processes. A thin copper layer was sputtered on one side of the Sn foil as a
protective layer to improve electrical connection between Sn anode and the coin cell case. By
controlling the lithium concentration of the lithiation and phase transform, an enhanced cycle life
of 90 cycles can be obtained. We also incorporated the Sn foil anode with a sulfur cathode in
ether-based electrolyte as a full cell. The morphological changes at anode after cycling and the

electrochemical phenomena were studied.

2. Experimental

2.1.  Materials

Tin foil (Sn, 0.025 mm thick, 99.9% (metals basis), Alfa Aesar), lithium
bis(trifluoromethanesulfonimide) (LiTFSI, LiN(CF3S0;),, 99%, Acros Organics), lithium nitrate
(LiNOs, anhydrous, 99.999% (metals basis), Alfa Aesar), 1,2-dimethoxyethane (DME, 99.5%,
Sigma Aldrich), 1,3-dioxolane (DOL, 99.8%, Sigma Aldrich), sublimed sulfur (Sg, Fisher
Scientific), Super C65 (conductive carbon black, Timcal), polyvinylidene fluoride (PVdF,
Kureha Battery Materials Japan Co., Ltd.), 1-methyl-2-pyrrolidone (NMP, 99.5%, Sigma
Aldrich) and carbon disulfide (CS,, Certified ACS, Fisher Scientific) were purchased and used as

received.



2.2.  Electrolyte preparation
The blank electrolyte is composed of 1.0 M LiTFSI in mixture solvent of DME and DOL
(1:1 v/v). The S-Sn full cell electrolyte is composed of 1.0 M LiTFSI and 0.1 M LiNO; in

mixture solvent of DME and DOL (1:1 v/v).

2.3.  Preparation of Sn anode and S cathode

Sn foils were polished by a piece of sandpaper (2500 grit) to remove the native oxide layer
and then cleaned by Acetone for several times. One piece of the cleaned Sn foil was cut into 0.49
cm? discs (D = 7.9 mm, including 9.5 mg Sn each) as pristine Sn electrodes for XRD collection.
Another piece of the cleaned Sn foil was covered with a copper (Cu) layer on one side of the Sn
foil through magnetron sputtering deposition method. The sputtering was carried using a source
target (AJA international) in a home-built high vacuum chamber. A base pressure of 10-¢ Torr
was maintained while during deposition and an inert argon atmosphere was introduced at a
pressure of 1073 Torr. Gas flow rate was regulated by a mass flow controller (MKS, model 250)
to create and maintain a localized, steady plasma above the biased Cu target. Deposition rate was
calibrated to be 0.22 nm s using a harmonic single crystal monitor attached to the deposition
chamber. Thin Cu film of ~500 nm was deposited on the Sn foil sample. Then the sputtered Sn
foil was cut into 0.49 cm? discs for Sn half-cell test, and 0.7 cm? discs (D = 9.5 mm, including
13.5 mg Sn each) for pre-lithiation as the anode in S-Sn full cells. All the cut Sn foil electrodes

were stored in an Ar-filled glove box.



Commercial binder-free carbon nanotube (CNT) paper called buckypaper (NanoTechLabs
Composites, Inc) was used as the current collector for the sulfur electrode in this study. The CNT
paper was cut into 0.49 cm? discs (D = 7.9 mm, about 0.9 mg each) and dried at 100 °C for 24 h
in a vacuum oven before use. 1.5 M sulfur solution was prepared by adding sulfur into CS,. The
solution was stirred to be dissolved completely. Then 10 pL solution was added into the CNT
current collector in a petri dish. The CNT current collector with S was dried in a vacuum oven at
room temperature for 24 h. The mass loading of sulfur on CNT current collector is

approximately 1.02 mg cm2.

2.4.  Preparation of carbon-coated separator

The Carbon-coated separator was fabricated by surface coating commercial conductive
carbon black (Super C65) on one side of a commercial polypropylene separator (Celgard 2400).
The carbon slurry was prepared by mixing Super C65 carbon and PVdF in NMP solvent with the
ratio of 8:2 (Super C65: PVdF) for 24 h. The carbon slurry was coated onto the Celgard 2400
using a doctor blade and then dried at 35 °C for 24 h in a vacuum oven. The Carbon-coated
separator was then cut into 1.77 ¢cm? circular disks (D = 15 mm, Celgard 2400 mass is about 2.5

mg each, carbon mass is about 0.8 mg (0.45 mg cm?)).

2.5.  Sn half-cell fabrication and electrochemical evaluation

CR2032 coin cells were used and cells were fabricated in an Ar-filled glove box. First, a
stainless-steel plate was placed in coin cell case. A Sn foil electrode (0.49 cm?) was placed on
the plate and inserted into coin cell with the copper side facing down, followed by adding 10 pL

blank electrolyte. Then a Celgard 2400 separator was placed on top of the Sn electrode followed



by adding another 10 pL blank electrolyte on top of the separator. Then a piece of lithium metal
was placed on the separator. Finally, a stainless-steel plate covered the lithium metal with a
spring as the spacer. The cell was crimped and taken out of the glove box for electrochemical

evaluation.

Cells were galvanostatically cycled between 0.35 and 1.2 V on an Arbin BT2000 battery
cycler at 0.03 C rate (1 C =993 mA g!, based on the mass of Sn in the cells). The lithiation
capacity limited cells were galvanostatically cycled between 0.01 and 1.2 V at 0.03 C rate with 1
mAh lithiation capacity limitation (2.04 mAh cm). The cell for low current analysis was
galvanostatically cycled at 10 pA cm=2. Cyclic voltammetry (CV) was performed on a BioLogic
V'SP potentiostat. The potential was swept from open circuit voltage to 0.35 V and then swept

back to 1.2 V at a scanning rate of 0.05 mV s-!.

For XRD collection, cells were fabricated by using pristine Sn electrodes followed by the
same procedure, which avoids the strong effect of copper under x-ray diffraction. These cells
were galvanostatically cycled between 0.01 and 1.2 V at 0.03 C rate. Different lithiation status

were collected by limiting the lithiation capacity.

2.6. S half-cell fabrication and electrochemical evaluation

CR2032 coin cells were used and cells were fabricated in an Ar-filled glove box. First, 15
uL full cell electrolyte was added into the prepared CNT paper electrode. Then a Celgard 2400
separator was placed on top of the electrode followed by adding another 15 pL electrolyte on the

separator. Finally, a piece of lithium metal and nickel foam as a spacer were placed on the



separator. The cell was crimped and taken out of the glove box for electrochemical evaluation.
Cells were galvanostatically cycled on an Arbin BT2000 battery cycler at 0.2 C rate (1 C= 1672
mA g, based on the mass of sulfur in the cells). CV was performed on a BioLogic VSP
potentiostat. The potential was swept from open circuit voltage to 1.7 V and then swept back to

2.8 V at a scanning rate of 0.02 mV s,

2.7.  Sulfur-tin (S-Sn) full cell fabrication and electrochemical evaluation

To pre-lithiate the Sn anode, a Sn (0.7 cm?) half cell was fabricated by following the same
Sn half cell fabrication procedure shown in section 2.5. Then the cell was galvanostatically
cycled between 0.35 and 1.2 V with 1.5 mAh (2.1 mAh em2) lithiation capacity limitation for 4
cycles. Then the cell was opened to obtain the lithiated Sn anode. To fabricate a S-Sn full cell, a
stainless-steel plate was placed in coin cell case. A sulfur cathode was placed on the plate
followed by adding 15 pL full cell electrolyte. Then a carbon-coated separator was placed on top
of the sulfur cathode and inserted into coin cells with the carbon side facing the cathode,
followed by adding another 15 pL full cell electrolyte on top of the separator. Finally, the
lithiated Sn anode was placed on the separator with a spring as the spacer. The cell was crimped

and taken out of the glove box for testing.

Cells were galvanostatically cycled between 1.1 and 2.3 V on an Arbin BT2000 battery
cycler at 0.5 C rates (1 C= 1672 mA g'!, based on the mass of sulfur in the cells). CV was
performed on a BioLogic VSP potentiostat. The potential was swept from open circuit voltage to

1.1 V and then swept back to 2.3 V at a scanning rate of 0.05 mV s



2.8.  Characterization

The XRD data were collected on a Bruker D8 Discover XRD Instrument equipped with Cu
Ko radiation. The pristine Sn foil was placed on a glass slide and protected with Kapton film.
The scanning rate was 0.5° min~!, and 20 was set between 20° and 90°. The cycled Sn electrodes
for XRD were obtained by opening the Sn half cells in an Ar-filled glove box. The cycled
electrodes were dried under vacuum in a chamber of the glovebox for 30 min. Then the XRD
samples were prepared by following the same procedure. The XRD patterns were collected under

the same conditions for comparison.

The cycled Sn electrodes for scanning electron microscopy (SEM) were obtained by
opening the S-Sn full cells in an Ar-filled glove box, followed by the same drying procedure.
The morphological characterization of the electrodes was conducted with a JEOL JSM-7800F
field emission SEM. The elemental mapping was performed with energy-dispersive X-ray

spectroscopy (EDS) attached to the SEM with 7 KV.
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3. Results and Discussion

The Sn foil electrode was galvanostatically cycled between 0.35 and 1.2 V at 0.03 C rate.
The cycling performance is shown in Fig. 1a. The Sn foil electrode has an initialcapacity of 10.2
mAh cm? and the capacity decreases to 2.1 mAh cm2 after 30 cycles. The cell has an initial
Coulombic efficiency (CE) of 95%, followed by an average efficiency of >90% over 20 cycles,
then the efficiency fades to 60% after 30 cycles. The electrochemical behavior was studied via
CV, as shown in Fig. 1b. In the cathodic scan from open circuit voltage (OCV) to 0.35 V, no

obvious peaks are observed until 0.4 V, at which the lithiation occurs. In the 2" cycle, the

10



lithiation mainly occurs at 0.69 V, 0.56 V and 0.39 V. The delithiation process is reversed in the
anodic scan presented by three separated peaks at 0.61 V, 0.73 V and 0.8 V, respectively. The
voltage profile is shown in Fig. 2a, which resembles the CV. There is only one discharge voltage

plateau in the first lithiation process, and there are multiple plateaus in the following cycle.

To understand the phase transformation during these processes, ex-situ XRD patterns were
collected at different states of lithiation, which are shown in Fig. 2b and c¢. The XRD pattern of
the pristine Sn foil shows strong peaks of (200), (101) and (211) planes and weaker peak of (220)
plane. A continuous diminution in the Sn peak intensity is firstly observed on the first lithiation
plateau (point 1-3), followed by the presence of the Li,Sns and LiSn phases. At the end of the
single lithiation plateau (point 3), the mainly present phase is detected to be Liy;Sns, mixing with
small parts of Li,Sns and LiSn. At the end of lithiation (point 4), the Sn peaks completely
disappear and the XRD pattern only shows peaks of Li,,Sns. After the electrode was charged to
1.2 V (point 5), the delithiated product is also scanned by XRD. It is observed that the Sn phase
appears again, which is mixed with Li,Sns and LiSn meaning an incomplete delithiation process

after the cell was charged to 1.2 V.

The XRD patterns of the 2™ lithiation process are shown in Fig. 2¢. The voltage profile
shows three typical plateaus, on which four scan points were collected to detect the phase
changes. The four collected data are corresponding to the terminals of the three voltage plateaus
and the completed lithiation stage, respectively. At the end of the 1% voltage plateau (point 6),
the decreased intensity of Sn peaks is due to depleting Sn upon lithation. The transformed phases

are mainly Li,Sns and LiSn phases. At the end of the 2" plateau (point 7), the XRD pattern

11



shows that the Sn phase completely disappeared. Li,Sns is the mainly crystalline phase mixed
with a small amount of LiSn. After the 3™ lithiation plateau (point 8), Li»;Sns phase with high
intensities is shown accompanied with abridged presence of the LiSn phase. After discharging to
0.01 V (Point 9), Li»;Sns phase is the only detected crystalline lithiation phase. The
morphological change from pristine Sn foil to lithiated Sn at 0.01 V is shown in Fig. 2d. The
pristine Sn foil has a polished surface with metallic luster. When it is fully lithiated to Li»,Sns,
the foil becomes dark black and cracked into pieces. The large volume expansion results in the
pulverization of the Sn foil, which is the main reason of the contact loss and fast capacity decay.
Figs. 2e and f show the crystal structure change from Sn to Li;Sns. The Sn crystal initially has a
cubic structure. The Li;Sns mainly adopts a Body-Centered Cubic structure [17]. The XRD
results show Li,Sns and LiSn are the main transition crystalline structures. No other high degree

phases of lithiation such as Li;Sn;, Li;3Sns and Li;Sn, are detected.

It is observed that the first lithiation process only has one plateau, which is different from
the 2™ lithiation with three typical plateaus. The long plateau in the first lithiation has been
considered as the result of disorder in the initially formed material [20]. We believe that this
unique phenomenon could be due to the large difference in lithium diffusivities between lithium
poor phases and lithium rich phases of the lithium tin alloys [27]. As shown in Ref [28], the
lithium diffusivity in lithium poor phases (before LiSn) is about one order lower than that in the
lithium rich phases. We can assume the lithium transport in the Sn foil electrode is a 1-D
transport. From the surface of the Sn foil electrode (facing separator), the lithium concentration
decreases gradually from high to 0. Due to the difference between the high diffusivity in lithium

rich phases and the low diffusivity in lithium poor phases, it is favorable to form lithium rich

12



phases on the surface. At very low rate, the lithium poor phases could be detected on the surface
and the plateaus could be visible. As shown in Fig. 3a, the three plateaus appear at the beginning
of lithiation when the current density is 10 pA cm. Since the XRD patterns in Fig. 2b do not
show the existence of Li,,Sns in points 1 and 2, other lithium rich phases are believed to exist
before the appearance of Li,,Sns. These lithium rich phases cannot be detected by XRD. The
possible reasons could be (1) they are amorphous; (2) they are too small or too transient to be
detected [17]. As shown in Fig. 2a, the typical plateaus can appear in the 2" lithiation. We
believe that it is due to two reasons. The first reason is the significant surface area increase due
to the pulverization, which results in low current density. The second reason is the
inhomogeneity of the pulverized Sn foil. The lithium transport can no longer be considered as a

1-D transport.

To avoid the large volume expansion of the Sn foil electrode, the state of lithiation was
controlled. Enhanced cycling performance can be achieved for more than 90 cycles by limiting
the lithiation capacity of the Sn foil electrode at 1 mAh (2.04 mAh cm), as shown in Fig. 3b.
The CE starts at 68% in the initial cycle, and then increases to 96% in the second cycle. After
that, it stays at a steady efficiency of >97% until the 90th cycle. By controlling the lithium
uptake at 2.04 mAh cm2, the phase transitions to LiySny have been controlled to lithium poor
phases (Li,Sns and LiSn). The lithium poor phases can only cause a small volume expansion for
the Sn foil electrode. The relative volume V, is 1.22 for Li,Sns, and 1.51 for LiSn. But the
lithium rich phase (Li;Sns) has a relative volume of 3.58, which causes the cracking[29]. This
lithiation control avoids the transition to lithium rich phase, herein maintains the structural

stability and enhances the cycling performance. In Fig. 3¢, the XRD pattern at the end of

13



lithiation of 2.04 mAh cm™ shows Li,Sns and LiSn phases, but no Li»»Sns phase. Selected
voltage profiles in different cycles are shown in Fig. 3d. The initial discharge process shows a
single lithiation plateau at 0.4 V and the charge process shows two very short plateaus at 0.61 V
and 0.73 V and a long plateau at 0.8 V. In literature, the charge plateau at 0.61 V is considered
the transition from Liy;Sns to LiSn. Our results show that this plateau could also be a transition
from other lithium rich phases to LiSn. The plateau at 0.73 V is the transition from LiSn to
Li,Sns and the plateau at 0.8 V is the transition from Li,Sns to Sn. The first charge profile can
also be explained by the different diffusivities between lithium rich phases and lithium poor
phases. Since the lithiation capacity was controlled, the major phases in the Sn foil electrode are
lithium poor phases (LiSn and Li,Sns) after the first discharge. As indicated by the 0.4 V
discharge plateau, there should be some lithium rich phases on the surface of the Sn foil
electrode. At the beginning of the charge process, the lithium rich phases on the surface of Sn
foil are transferred to LiSn and then Li,Sns very quickly. The XRD pattern at the end of the first
charge shows the left Li,Sns and LiSn in the delithiation products, which explains the low CE of
the first cycle. The discharge profile in the 2" cycle shows three plateaus. The first and the third
ones are short and the second one is long. The possible reason is the pulverization generated in
the first cycle. The second charge profile shows two plateaus. The plateau at 0.61 V does not
exist, which is in agreement with the short third plateau in the discharge profile, meaning the
existence of very little lithium rich phases. From the third cycle to the 54™ cycle, the voltage
profiles have two lithiation plateaus and two delithiation plateaus, which means the phases are
changed between Sn and lithium poor phases (Li,Sns and LiSn). However, the profiles also show
that the length of the Sn/Li,Sns plateau keeps increasing and the length of the Li,Sns/LiSn

plateau keeps decreasing for both discharge and charge profiles. It means that minor cracks
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inside the Sn foil are generated and the surface area is increased continuously. The larger surface
area promotes the formation of Li,Sns. After the 54t cycle, the length of the Sn/Li,Sns plateau
keeps decreasing and the length of the Li,Sns/LiSn plateau keeps increasing for both discharge
and charge profiles. After the 78" cycle, the third plateau appears again, and its length
continuously increases. After the 93" cycle, the voltage profiles start to become unstable and
have large voltage drop. We believe that it is because the pulverization become severe enough to
generate isolated particles and the active surface area starts to decrease after the 54t cycle. After
the 93" cycle, the Sn foil electrode is completely pulverized and most of the Sn materials are
isolated. The cycling performance demonstrates the cycling performance of Sn foil can be
improved by controlling the state of lithiation. However, fracture still happens due to the ~50%
volume change between Sn and LiSn. Eventually, pulverization will cause the failure of the Sn

foil electrode after 90 cycles.

Sulfur has attracted much attention as a promising cathode material due to its high theoretical
specific capacity (1672 mAh g!) [30, 31]. In this study, the sulfur cathode was prepared by using
a solvent evaporation method applied by our group before [32]. The sulfur solution was prepared
in carbon disulfide (CS,) and injected into a CNT paper. Sulfur particles are evenly distributed
within the CNT paper once CS, solvent is vaporized. The sulfur loading is 1.02 mg cm2, which
is about 56% of the capacity of 0.7 cm? pre-lithiated Sn foil. The higher capacity of the Sn
anode is to ensure the excess lithium resource for the possible waste of lithium due to
polysulfides shuttle effect and the SEI formation. SEM and EDS were performed to examine the
morphology and elemental distribution in the prepared electrodes, as shown in Figs. 4a, b and ¢,

respectively. The SEM image in Fig. 4a shows the structural morphology of the prepared
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sulfur/CNT electrode. It can be seen that a lot of regular sulfur particles were deposited in the
voids of the CNT paper. Under the detection of SEM, the sulfur particles are in nanoscale. The
EDS in Figs. 4b and c reveal the carbon element in the CNT paper network structure and the
uniform distribution of sulfur element in the electrode. The electrode prepared by this method
promises reliable and controllable deposition of sulfur in CNT paper. The cycling performance
of the S cathode at C/5 is shown in Fig. 4d. The sulfur cathode delivers 1225 mAh g'! in the 15
cycle, and then the capacity increases to 1312 mAh g! in the 2™ cycle. After 100 cycles, the
specific capacity is stabilized at 994 mAh g'!. The result demonstrates that the sulfur cathode
prepared by this method is robust in retaining active material thus offering stable cycling
performance. Selected voltage profiles for the sulfur cathode are shown in Fig. 4e. The cell is
discharged to 1.7 V to avoid the LiNO; reduction reactions at low potential (<1.65 V). The sulfur
cathode has two visible plateaus in the discharge and two plateaus in the charge. It can be
observed that the cell polarization (the voltage difference between the first charge voltage
plateau and the second discharge voltage plateau) is 0.65 V in 2" cycle. Then it continuously
decreases to lower than 0.3 V during cycling. Fig. 4f shows the CV of the Li-S cell. There are
two cathodic peaks at 2.37 V and 2.05 V corresponding to the reduction reactions of sulfur to
low-order polysulfides and low-order polysulfides to Li,S, and two distinguishable anodic peaks
at 2.28 V and 2.41 V, which indicate the transition of Li,S to high-order polysulfides/sulfur [33].

The cell exhibits a stable CV profile over 10 cycles without decay of peak intensity.

To set up a S-Sn full cell, the Sn foil electrode was cycled with 1.5 mAh capacity limitation
(2.1 mAh cm?) for 4 cycles for pre-lithiation. As shown in Fig. 5a, the foil still maintains its

structural stability after pre-lithiation, due to the limited lithiation capacity, low cycling current
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(0.03 C), and homogenous lithiation process. The Sn foil anode from the cycled S-Sn full cell
was also obtained at discharged state after 10 cycles, as shown in Fig. Sb. Compared to the
image shown in Fig. 5a, it did not have significant changes after 10 cycles in the S-Sn full cell.
SEM was performed to investigate the anode extracted from the full cell at discharged state, as
shown in Fig. 5c¢. In this high magnification, it can be observed that the anode surface has
formed porous structures. It means that fracturing still happens even the lithium uptake is
limited. The EDS map of nitrogen species, oxygen species and tin species is shown in Figs. 5d-g.
The nitrogen and oxygen elements could be from the passivation layer from LiNO; and the SEI
layer. They could also be from the residual lithium salts. The EDS mapping result shows that
some of the electrode areas are not covered by the passivation layer. We believe that it is due to

the volume change of Sn electrode during lithiation/delithiation processes.

When sulfur cathode is coupled with the lithiated Sn anode and cycled at C/2, the cycling
performance in Fig. 6a is observed, with an inset picture showing the schematic construction of
the S-Sn full cell. The full cell has an initial capacity of 1143 mAh g! in the 1% cycle, and then
yield the capacity of 960 mAh g-! in the 2" cycle. The full cell exhibits stable cycling
performance with remaining reversible capacity of 552 mAh g! after 100 cycles. The full cell
has an initial CE of 64% and retaining efficiency of >82%. Although the volume change of Sn
keeps exposing fresh Sn surfaces and leads to new SEI formation, the CE shown in Fig. 3¢ is
higher than 96%. The low CE shown in the S-Sn full cell means that LiNO; is not as effective as
in the Li-S cell to prevent the shuttle effect. The Sn surface is not completely covered by the
passivation layer as shown in Fig. 5. The full cell operating voltage profile is shown in Fig. 6b.

During discharge, two plateaus are shown. The first reduction plateau is at 1.7 V which is

17



corresponding to the combination of formation from sulfur to low-order polysulfides and lithium
extraction from lithiated Sn anode. The second discharge plateau is at 1.36 V, which is attributed
to the formation of Li,S and low-order lithiated Sn. The charge process is a highly reversible
process with two charge plateaus around 1.6 V and 1.8 V, respectively. The first cycle has a long
charge process, which results in a low CE. The capacity fade during conversion process is due to
the consumption of lithium upon prolonged cycling and shuttle effect of high order polysulfides.
The CV for the S-Sn full cell is shown in Fig. 6c. There are two cathodic peaks at 1.65 and 1.37
V corresponding to the reduction reactions of sulfur to low-order polysulfides and low-order
polysulfides to Li,S. The second cathodic peak is obviously the overlap of two peaks with a
miniature peak at 1.3 V. The peak could be attributed to the phase transform of Sn anode leading
the voltage change. In the anodic scan, two distinguishable peaks are observed at 1.74 and 1.79
V, which indicate the transition from Li,S to high-order polysulfides/S as a conversion process.
The cell exhibits a stable CV profile over 10 cycles without large decay of peak intensity. The
cycling result of S-Sn full cell demonstrates that shuttle effect of polysulfides is still a major
issue. Polysulfides can react with lithium in the lithium tin alloy and LiNOj cannot form a
seamless passivation layer to protect lithium tin alloy surface. The performance of such a system
could be further improved by applying high loading carbon interlayers [34, 35], modification of
polysulfide carbon host[36, 37], and other functionalized materials such as graphene and

polymers to contain lithium polysulfides in the cathode [38-42].

4. Conclusion

In this work, Sn foil has been studied as a high capacity anode for lithium batteries. By

controlling the degree of lithium uptake, a stable long cycling life can be obtained for Sn foil
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anode. Ex-situ XRD results and lithiation/delithiation profiles show that the different lithium
diffusivity between lithium poor phases and lithium rich phases has significant impact on the
electrochemical performance of Sn foil. A S-Sn full cell has been developed by using pre-
lithiated Sn foil anode and S/CNT cathode and it shows high specific capacity. However, the CE
is lower than 90% mainly due to the shuttle effect of polysulfides. LiNOjs is not effective in
forming passivation layer on the lithiated Sn anode as it is in the lithium sulfur batteries. New
approach needs to be developed to prevent the shuttle effect. Although the shuttle effect is not
evaded from the full cell system, it provides a concept and potential for further studying the S-Sn

full cell system.
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Fig. 1. (a) Cycling performance of the Sn foil at 0.03 C rate, (b) cyclic voltammogram of the 1%,

2nd 5t and 10% cycles.
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Fig. 2. (a) Voltage-capacity profile showing collected XRD patterns points, XRD patterns of the
Sn foil in (b) the 1%t cycle and (c) the 2" cycle, (d) pictures showing the morphological changes
from pristine Sn foil to lithiated product, the atomic structures of (e) Sn and (f) Li,,Sns. Tin and

lithium atoms are represented in green and gray, respectively.
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Fig. 5. (a) Picture of the Sn foil after pre-lithiation, (b) picture of the Sn foil, (¢) SEM image and
(d-g) EDS scan for overlapping, nitrogen, oxygen and tin for the Sn foil anode at discharged state

after 10 cycles in the S-Sn full cell.
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EA # 18-5144

RESPONSE TO REVIEWERS’ COMMENTS

REVIEWER 1:

Comment 1: How to control lithiation capacity for pre-lithiated Sn foil? How to ensure the
reproducibility of this critical point to obtain good electrochemical performance and keep the

electrode uncracked for pre-lithiated Sn foil?

Response to comment 1:

The Sn foil was pre-lithiated in a Sn/Li metal half cell. The full lithiation capacity of the Sn foil
was calculated by its weight and the theoretical capacity to form Liy,Sns. The lithiation capacity
was controlled by setting the “discharge capacity limit” in the Arbin BT2000 battery cycler

during the galvanostatic lithiation process.

Compared to the Sn particle-based composite electrode, the Sn foil can be considered
homogenous during the lithiation process. In the particle-based composite electrode, different Sn
particles could have different lithiation capacity during the pre-lithiation process. It is difficult to
ensure the reproducibility of the critical point for all the Sn particles. However, the Sn foil
electrode does not have this problem due to the homogenous lithiation process. In addition, the
cycling current was very low (0.03 C) during the pre-lithiation process. The pre-lithiation
capacity can be reproduced in this work. In Fig. 5a, the picture shows the maintained structural

stability after pre-lithiation. More explanations have been added for Fig. 5a on pages 16 - 17.

Comment 2: What is mechanism of pre-lithiated Sn foil anode to keep enhanced electrochemical
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performance and meanwhile inhibit volume expansion of Sn during Li-ion insertion-deinsertion

process?

Response to comment 2:

By controlling the lithiation capacity, the phase transitions to Li,Sn, have been controlled to
lithium poor phases (Li,Sns and LiSn). This control avoids the transition to lithium rich phase
(Li55Sns). The lithium poor phases can only cause a small volume expansion for the Sn foil. The
relative volume V., is 1.22 for Li,Sns, and 1.51 for LiSn. But the lithium rich phase Li,,Sns has a
relative volume of 3.58, which causes the cracking [1]. Therefore, this lithiation capacity control
maintains the structural stability and enhances the electrochemical performance. Related

explanations have been added on page 13 in the manuscript.

Comment 3: What is the phase of Sn foil when it is pre-lithiated at reasonable content? Why this

phase can restrain the electrode from strong volume expansion?

Response to comment 3:

After the pre-lithiation, the phases of the Sn foil are mainly Li,Sns and LiSn (lithium poor
phases). The lithium poor phases can only cause small volume expansions. Therefore, the

capacity control can avoid the large volume expansion.
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REVIEWER 2:

Comment 1: The XRD patterns of the Sn foil in Fig. 2a, b are not clearness. Please use different

colours to distinct the Li2285n5, Li2Sn5, LiSn, Sn.

Response to comment 1:

The XRD patterns have been clarified by using different colors and length, according to this

suggestion.

Comment 2: In Fig. 2a, at the end of the single lithiation plateau (point 3), the mainly present
phase is detected to be Li22Sn5. Why in Fig. 3c, the XRD pattern at the end of lithiation of 1

mAh shows Li2Sn5 and LiSn phases? but no Li228n5 phase.

Response to comment 2:

The Sn foil at point 3 in Fig. 2a has a lithiation capacity of 8 mAh ¢cm™, which is close to the end
of full lithiation. This large lithiation capacity makes the phase transition to lithium rich phase
(Li»»Sns). However, in Fig. 3c, the lithiation capacity was controlled to 2.04 mAh ¢cm2, which is
at the early stage of lithiation. The limited lithiation capacity makes the phase transitions only to
lithium poor phases (Li,Sns and LiSn). More explanations have been added for Fig. 3 on page

13.
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Comment 3: In the S-Sn full cell, the author should explain why sulfur loading is 1.02 mg cm-2,

which can provide a comparable capacity to that of the Sn anode?

Response to comment 3:

In this study, the 1.02 mg cm? sulfur loading provided 0.82 mAh capacity and the pre-lithiated
Sn foil provided 1.47 mAh capacity. The capacity of Sn anode is higher than S cathode because
of the consideration of the wasted lithium resource due to the polysulfides shuttle effect and the
SEI formation. Although the Sn foil have controlled to a limited capacity with relatively low
volume expansion, the SEI formation is likely to happen during each charging process. More

explanations have been added at related position on page 15 in the manuscript.

Comment 4: The authors claimed the Sn foil becomes dark black and cracked into pieces in Fig.

2d. However, is there a similar problem during the S-Sn full cell cycling?

Response to comment 4:

In Fig. 2d after one cycle of full lithiation, the Sn foil has cracked into pieces. During the S-Sn
full cell cycling, the cycling capacity was controlled to avoid the large volume expansion. A
picture of the Sn foil after 10 cycles in the S-Sn full cell has been added to Fig. 5b. After 10
cycles, the Sn foil only has limited volume expansions, but maintains the structural stability.

More explanations have been added on pages 16 — 17 in the manuscript.

Comment 5: The sputtered Sn foil was cut into 0.49 cm2 discs (D = 7.9 mm, including 9.5 mg Sn

each) for Sn half-cell test, and 0.7cm?2 discs (D = 9.5 mm, including 13.5 mg Sn each) for pre-
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lithiation as the lithium source in S-Sn full cells. Please provide some solid information about the

difference.

Response to comment 5:

When making Li-Sn half cells in coin cells, the size of the Sn foil can be from 0.2 cm? to more
than 1 cm?. Current density and the size of lithium metal anode can be calculated and adjusted
based on the size of the Sn foil. There is not a special reason to select 0.49 cm?. 0.49 cm? is the

size of the puncher that our group use for cutting our battery electrodes.

In the full cell system, 0.7 cm? Sn foil was used. There are two reasons to use 0.7 cm? Sn foil
instead of 0.49 cm? Sn foil. The first reason is that we want to make the capacity of Sn foil anode
larger than the S cathode (0.49 cm?). The second reason is that we want to make the area of Sn

anode larger than S cathode. In this case, the capacity of S cathode can be fully utilized.

Comment 6: Galvanostatic discharge/charge and cyclic voltammogram upon cycling in Fig. 4d
should be provided. And explain why chose the cyclic voltammogram of the S-Sn full cell from

1.1V to 2.3V.

Response to comment 6:

Selected voltage profiles and CV profiles for sulfur cathode have been added to Figs. 4e and f.
More explanations have been added on page 16. In the full cell system, the potential of the 1st
plateau is the combination of sulfur’s first reduction potential and tin’s first oxidation potential,
theoretically it is 2.35-0.45 = 1.9 V. The potential of the 2" plateau in full cell is the combination

of sulfur’s 2 reduction potential and tin’s 2" oxidation potential, theoretically it is 2.1-0.7=1.4
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V. The same calculation method is used for the reversible process. Therefore, the cycling

potential range for full cell system is set up between 1.1-2.3 V.

Comment 7: Please check the language throughout the text. There are a few grammar errors.

Response to comment 7:

The text has been checked. The grammar errors have been corrected.

Comment 8: The references should keep the same format. And there are a lot of questions, the

author should take it seriously.

Response to comment 8:

The format for references has been corrected.

1. T. Ichitsubo, S. Yukitani, K. Hirai, S. Yagi, T. Uda, E. Matsubara, J. Mater. Chem., 21
(2011) 2701-2708.
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