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a b s t r a c t

Adhesion of Li plating to electrode substrate and chemical stability of plated Li against electrolyte
components are two essential factors affecting the cycling performance of Li metal in a rechargeable Li
battery. Poor adhesion results in high contact resistance and further the formation of dead Li. Aiming to
improve the adhesion of Li plating to Cu substrate, we plate a very thin tin layer as the primer for Li
plating on the Cu substrate. By this way, Li metal is first reacted with tin to form a Li-Sn alloy, and then Li
is cycled on resultant Li-Sn alloy so that the Li-Sn alloy functions as an “electric glue” to electrically
connect the Li plating and Cu substrate. Attributed to the strong affinity between Li and Li-Sn alloy, the
pre-plated tin layer is shown not only to enhance the adhesion of the plated Li to electrode substrate but
also to improve the morphology of Li plating. Using a 1.0 m (molality) LiPF6 1:4 (wt.) fluoroethylene
carbonate/ethylmethyl carbonate electrolyte, in this paper the effect of the tin primer layer on the Li
cycling performance in a Li/Cu cell and a Cu/LiNi0.85Co0.10Al0.05O2 cell is demonstrated and discussed.

Published by Elsevier Ltd.
1. Introduction

Lithium (Li) metal is capable of providing the highest energy
density as the anode material of rechargeable batteries due to its
light atomic weight (6.941 g mol�1) and low standard electrode
potential (�3.0401 V vs. SHE, standard hydrogen electrode). How-
ever, previous attempts in developing rechargeable Li batteries
were unsuccessful due to the poor cyclability and inferior safety of
metal Li. It is generally believed that the poor cyclability is due to
the high reactivity of metal Li with electrolyte components and the
inferior safety originates from the dendrite growth of Li metal in
charging process [1,2]. In an accident, excess amount of Li metal is
identified to be the most severe hazard because it immediately
becomes a strong fuel once it is exposed to air or water. Therefore,
reducing excessive Li metal is of particular significance in not only
increasing the energy density but also improving the safety of Li
batteries. In efforts to reduce the amount of Li metal, a “Li-free
battery” concept has been proposed by using a Li-rich cathode and
a Cu foil as the anode current collector to enable the Li metal being
in-situ plated onto the Cu substrate [3,4]. The key to success of this
mil, shengshui@gmail.com
concept is the efficient and stable cycling of Li metal on the Cu
substrate, which essentially relies on two factors of (1) the chemical
stability of Li metal against electrolyte components and (2) the
adhesion of Li plating to the Cu substrate.

In efforts to reduce parasitic reactions between Li deposit and
electrolyte components, particular interest has been placed in
highly concentrated electrolyte solutions [5e8] and fluorinated
electrolyte components in forms of salt [6,7,9], solvent [10], and
additive [11,12]. In the former, Li metal is stabilized by a dramatic
decrease in the number of free solvent molecules as a result of the
coordination between Liþ ions and solvent molecules (namely the
solvation); In the latter, some of fluorine atoms in the fluorinated
compounds are combined with Liþ ions, forming a robust solid
electrolyte interphase (SEI) to protect Li metal from parasitic re-
actions with the solvents. In this regard, lithium bis(fluorosulfonyl)
imide [6,7,9] and fluoroethylene carbonate [10] are shown partic-
ular ability to release free fluorine anions that are stably incorpo-
rated into the protective SEI. In addition to reducing parasitic
reactions, optimizing electrolyte salt and solvent [13,14] as well as
employing electrolyte additive [15e18] are shown to improve the
morphology of Li plating and hence improve the cycling efficiency
of Li metal.

Poor electrical contact between Li plating and Cu substrate as
well as between Li deposits is one of the most important causes for
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formingmossy dead Li, and it is believed to be themost challenging
for “Li-free battery” due to the limited amount of Liþ ions available
from the cathode. Previous works on improving the adhesion of Li
plating to electrode substrate are mainly through enhancing the
effective area or lithiophilicity of the electrode substrate, including
(1) replacement of Cu foil with a carbon substrate having large
specific surface area, such as a porous carbon-fiber paper [19] and a
porous graphene network [20], to reduce the electrode's local
current density, and (2) surface modification of Cu foil, such as by
slurry-coating a functional graphene layer [21], a nitrogen-doped
graphene layer [22], or a highly conductive carbon primer layer
[23] as well as by chemical vapor depositing graphene-carbon
nanotube clusters [24], to increase the electrode's lithiophilicity.
All the above approaches have shown inferior initial reversibility
either due to the catalytic reduction of electrolyte solvents on the
fresh surface/edge sites of carbon granules or due to the reduction
of organic functional groups on the surface of carbonmaterials [25].

Aiming to reduce the initial irreversibility and improve the
adhesion of Li plating to electrode substrate, in this work we
employed an electroless tin plating technique to pre-plate a very
thin tin layer onto the surface of an existing Cu substrate. Thus, the
Li metal is first deposited onto the tin surface and instantly reacted
with tin to form a Sn-Li alloy, and the next Li are plated and stripped
on the Sn-Li alloy surface. Due to the chemical similarity between Li
metal and Sn-Li alloy (and hence the excellent affinity), the pre-
plated tin (which later was in-situ converted to Sn-Li alloy)
primer layer is shown to function as an “electric glue” electrically
connecting the plated Li and Cu substrate, resulting in improved Li
cycling performance. In this paper, the effect of the pre-plated tin
primer layer on the cycling performance of Li metal in a Li/Cu cell
and a Cu/LiNi0.85Co0.10Al0.05O2 cell are evaluated and discussed.

2. Experimental

Liquid tin 421, a water solution consisting by weight of 4% tin
tetrafluoroborate, 3% sodium hypophosphite 8%, fluoroboric acid,
8% thiourea, and 1% boric acid, was purchased from MG Chemicals
(Ontario, Canada). In order to plate tinmetal on single side, one side
of the Cu foil was covered using a 3 M packing tape, and then
immersed into a 0.5 M HCl solution for 1 min to remove native
oxides on the surface. The cleaned Cu foil was dipped into a liquid
tin bath at room temperature for 30 s, which immediately plated a
bright-gray tin layer on the Cu surface. Resultant tin-plated Cu
(hereafter referred to “Sn-Cu”) foil was rinsed in deionized water
and dried in air. To be tested as the electrode substrate for Li plating,
the pristine Cu foil and Sn-Cu foil were punished into circular disks
having a 1.98 cm2 area (i.e., in a 5/8 inch diameter). A Li foil and a
LiNi0.85Co0.10Al0.05O2 (NCA) cathode having an areal specific ca-
pacity of 1.0 mAh cm�2 (equal to 155 mAh g�1 NCA) were respec-
tively punished into 1.27 cm2 disks (i.e., in a ½ inch diameter). Prior
to use, the NCA cathode was dried at 110 �C under vacuum for 15 h.

A solution consisting of 1.0 m (molality) LiPF6 dissolved in a 1:4
(wt.) mixture of fluorethylene carbonate (FEC) and ethyl methyl
carbonate (EMC) was used as the electrolyte. BR2335-sized Li/M
and M/NCA (M ¼ Li, Cu, or Sn-Cu) coin cells were assembled and
filledwith 40 mL electrolyte by using the electrodes described above
and a Celgard 2400 membrane as the separator. On a Maccor Series
4000 tester, the Li/M cells were cycled at 0.5 mA cm�2 by plating Li
metal to a fixed capacity of 0.50 mAh cm�2 and striped the cell to
1.0 V for 10 cycles, followed by changing the stripping limit voltage
to 0.3 V afterward; The M/NCA cells were cycled at 0.1 mA cm�2

between 3.0 V and 4.2 V for 2 cycles, followed by cycling at
0.5 mA cm�2 for the rest.

Crystallographic structure of Sn plating was characterized by X-
ray diffraction (XRD) using a D8 Advance X-ray diffraction (Bruker
AXS, WI, USA) with a Cu Ka radiation source. Morphology of the Sn
plating and Li plating was observed on a scanning electron micro-
scopy (SEM, Hitachi SU-70). Ac-impedance of the cells was
measured by a SI 1260 Impedance/Gain-Phase Analyzer in combi-
nation with a Solartron SI 1287 Electrochemical Interface in the
frequency from 1.0 � 105 Hz to 0.01 Hz using an ac oscillation of
10 mV amplitude. The Li-plated Cu and Sn-Cu electrodes were
harvested, rinsed with dimethyl carbonate, and dried in an argon-
filled glovebox, followed by the SEM observation. In order to
observe the cross-sectional view, the electrode sample with Li de-
posits was cut using a plastic scissor.

3. Results and discussion

A liquid tin-421 (MG Chemicals, Ontario, Canada) was used for
electroless tin plating. While actual reactions are rather compli-
cated, the general reactions for electroless tin plating in the pres-
ence of thiourea can be expressed by eqn. (1) and eqn. (2) [26].

Sn2þ þ H2PO2
� þ H2O / Sn þ H2PO3

� þ 2Hþ (1)

Cu þ Sn2þ þ 4CS(NH2)2 / Cu[CS(NH2)2]42þ þ Sn (2)

In eqn. (1), H2PO2
� anions serve as the reducing agent to reduce

Sn2þ, and in eqn. (2) metal Cu displaces Sn2þ to producemetal Sn as
a result of a significant decrease in the standard Cu/Cu[CS(NH2)2]42þ

reduction potential by thiourea. According to the parameters
(temperature and time) suggested by the vendor [27], a very thin
tin layer (not more than 0.1 mm) was plated onto the Cu surface by
immersing a cleaned Cu foil into the liquid tin bath at room tem-
perature for 30 s. Preliminary characterizations of the Sn-Cu foil are
presented in Fig. 1. Apparently, the Sn metal is plated in the form of
a bright-gray, uniform, and dense layer (Fig. 1a). However, a
detailed observation by SEM reveals that the tin plating layer is
rather porous (Fig. 1b), which is because the amount of tin is too
low to fully cover the Cu surface. Fig. 1c shows XRD pattern of the
tin plating layer compared with those of the pristine Cu foil and
standard Sn metal. It can be seen that the XRD pattern of the tin
plating layer is composed mainly of the peaks of Cu and Sn metals
in addition to trace amount of Sn-Cu alloys, as indicated by two
small XRD peaks marked by the black triangles. The strong intensity
of Cu diffusion peaks reveals that the tin plating layer is so thin that
the X-ray can easily penetrate through the tin plating layer.

The tin plating layer is further characterized by energy-
dispersive X-ray spectroscopy (EDS), as shown in Fig. 2. On the
surface (Fig. 2aed), both the Cu and Sn elements are obviously
visible. In particular, the Cu element has much more populations
than the Sn element (compare Fig. 2b and c), and numbers of Sn
elements are distributed into the Cumatrix (see Fig. 2d), suggesting
that (1) the tin-plating layer is very thin, and (2) some of Sn ele-
ments are combined with Cu to form a Sn-Cu alloy. Compared with
Sn, Cu is extremely excessive. According to the Sn-Cu binary phase
diagram [28], in such a condition the most possible stoichiometric
alloys would be Cu3Sn, Cu10Sn3, and Cu41Sn11. On the cross-
sectional view (Fig. 2eeh), majority of Sn elements are distrib-
uted in the Cu matrix with only small portion of Sn elements being
present as their alone (Fig. 2h). This observation indicates that in
the Sn-Cu foil, the Sn elements are present in two forms of Snmetal
and Sn-Cu alloy. The presence of Sn-Cu alloys is believed to be very
helpful for mitigating the migration of Sn into Li deposits over time.

The effect of the pre-plated tin primer layer on Li plating and
stripping was studied by galvanostatically cycling a Li/Cu cell and a
Li/Sn-Cu cell. In this experiment, a 1.0 m LiPF6 1:4 (wt.) FEC/EMC
electrolytewas used because FEC is known to be a favorable solvent
or additive for the formation of robust SEI on the surface of anode



Fig. 1. (a) Digital photo of Cu and Sn-Cu foils, (b) SEM image of the surface of Sn-Cu foil, and (c) XRD patterns of Cu, Sn, and Sn-Cu foils.

Fig. 2. EDS analysis on the surface (aed) and cross-section (eeh) of Sn-Cu foil, showing the interested area (a, e), and elemental mapping of Cu (b, f), Sn (c, g), and both of Cu and Sn
(d, h).
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materials such as Li metal, graphite and silicon [10,12], and a testing
schedulewith relatively low Li plating capacity (0.5 mAh cm�2) was
used in order to highlight the impact of the tin primer layer on the
Li cycling efficiency [29]. Fig. 3a and Fig. 3b show voltage profiles of
the 1st and 2nd cycles, respectively. In the 1st plating (Fig. 3a), both
the Li/Cu and Li/Sn-Cu cells consume small amount of capacity
above 0 V vs. Li/Liþ before reaching the potential for Li plating. In
addition to the irreversible capacity used for the SEI formation, the
initial capacity above 0 V in the Li/Cu cell is due to the irreversible
reduction of native oxides (CuO and Cu2O2), and that in the Li/Sn-
Cu cell is mainly attributed to the formation of Li-Sn alloy. For the
potential of Li nucleation, the Li/Cu cell presents as a sharp peak
while the Li/Sn-Cu cell shows a smooth bend (see Fig. 3a). This is
because in the Li/Sn-Cu cell, Li metal is nucleated on the Li-Sn alloy,
and Li metal has much stronger affinity to Li-Sn alloy as compared
with the pristine Cu. The strong affinity between Li metal and Li-Sn
alloy is well verified by the smaller over-potentials of Li plating and
stripping in the Li/Sn-Cu cell as observed from Fig. 3a and b. In the
1st Li-stripping, the Li/Sn-Cu cell has lower capacity, leading to an
inferior coulombic efficiency (CE, 70.8% vs. 79.1% of the Li/Cu cell)
because not all Li atoms in the Li-Sn alloy can be electrochemically
dealloyed in the subsequent charging step [30e33]. In the 2nd cycle
(Fig. 3b), the CEs of both cells are increased and approached nearly
same value (~90%).

The effect of Li-stripping ending voltage on Li cycling perfor-
mance is illustrated in Fig. 3c. In the initial 10 cycles, the Li/M cells
were stripped to 1.0 V. In this case, the Sn metal not only serves as
the primer layer for Li plating but also acts as the active material for
Li storage through the Li alloy-dealloy reaction. During this period,
the CE of the Li/Sn-Cu cell gradually increases and eventually ex-
ceeds the control cell by 2e3%. Starting from the 11th cycle, the
ending voltage for Li stripping was changed to 0.3 V below which
the Li-Sn alloy stably retains and serves as the electrode substrate
(primer layer) for Li plating. Compared with the control cell, the Li/
Sn-Cu cell constantly exhibits 2e3% higher CEs except for the 11th
cycle (CE ¼ 88.1%) at which the ending voltage for Li stripping was
changed from 1.0 V to 0.3 V so that some Li is permanently trapped
in the form of Li-Sn alloy. It can be seen from Fig. 3c that in addition
to the higher CEs, the Li/Sn-Cu cell showed better cycling stability.

In order to understand the superiority of the Sn-Cu foil in



Fig. 3. Electrochemical characteristics of Li metal on Cu and Sn-Cu foils, which were recorded at 0.5 mA cm�2 by plating Li to 0.5 mAh cm�2 and striping the cell's voltage to 1.0 V or
0.3 V. (a) Voltage-capacity profile in the 1st cycle, (b) voltage-capacity profile in the 2nd cycle, and (c) plot of coulombic efficiency vs. cycle number.
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facilitating Li plating, morphologies of the Li plating on the pristine
Cu foil and Sn-Cu foil are compared in Fig. 4, in which the Li plating
samples with a Li loading of 0.5 mAh cm�2 were harvested after the
Li/M cells were plated to 0.5 mAh cm�2 and striped to 1.0 V at
0.5 mA cm�2 for 10 cycles. On the pristine Cu foil, Li metal is plated
naturally in the form of needle-like filaments, and the Li filaments
Fig. 4. SEM images of the surface of Li plating on Cu and Sn-Cu foils at different magnificat
0.5 mA cm�2 for 10 cycles. (a & b) on Cu foil, and (c & d) on Sn-Cu foil.
are randomly and loosely piled (Fig. 4a). More importantly, the
adhesion of Li plating to the Cu substrate is rather poor so that some
Li deposits are irregularly dropped off the Cu surface (Fig. 4b). In
contrast, Li metal is plated compactly and largely on the Sn-Cu foil
and no Li dropping-off is observed (Fig. 4c and d). Of interest, the
shape of Li plating is changed from loose needle-like filaments on
ions, which were obtained by plating Li to 0.5 mAh cm�2 after the cells were cycled at



Fig. 6. Ac-impedance spectra of the Li/Cu and Li/Sn-Cu cells at Li-plated state (having a
Li loading of 0.50 mAh cm�2), in which the inset shows an equivalent circuit used for
fitting the observed ac-impedance spectra.
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the Cu foil (Fig. 4a) to compact blocky pieces on the Sn-Cu foil
(Fig. 4c). This can be attributed to two merits of the Sn-Cu sub-
strate: (1) excellent lithiophilicity of Li-Sn alloy for uniform Li
nucleation, and (2) enhanced adhesion of Li nuclei to the electrode
substrate for growth of large Li granules. Compared with the blocky
Li, the needle-like Li have much higher specific surface area and
consequently are more reactive to the electrolyte components. The
needle-like Li filaments are easy to become inactive “dead Li” once
they are broken down and the broken Li segments are reacted with
electrolyte components to form electron-insulating SEI around
their surface. Therefore, the compact and blocky deposition of Li
metal on the Sn-Cu foil is greatly beneficial to increasing the Li
cycling efficiency and stability.

Fig. 5 indicates the cross-sectional views of Li plating on the Cu
foil and Sn-Cu foil, respectively. On the Cu foil (Fig. 5a), there is a
wide gap between the Li plating and Cu substrate, indicating poor
adhesion of the Li plating to Cu substrate. These Li isolated by the
gap are easily converted into “dead Li” if the gap is large enough to
isolate Li from the Cu substrate and the isolated Li are fully wrapped
by the electron-insulating SEI. In contrast, the Li plating is inti-
mately deposited onto the Sn-Cu foil without significant gaps
(Fig. 5b), and accordingly the Li metal exhibits higher CE and better
cycling stability as a result of the excellent electrical contact be-
tween the Li plating and Sn-Cu substrate.

The improved adhesion of Li plating to electrode substrate by the
pre-plated tin primer layer is also reflected in the Li/M cell's
impedance. Fig. 6 compares ac-impedance spectra of two Li/M cells
at the Li-plated state (having a Li loading of 0.5mAh cm�2). Typically,
the ac-impedance spectrum of such cells shows three overlapped
semicircles followed by a sloping straight line, which can be fitted by
an equivalent circuit consisting of a bulk resistance (Rb), a surface
layer resistance (Rsl), a contact resistance (Rc) between Li plating and
electrode substrate, a charge-transfer resistance (Rct), and a Weber
impedance (W) sequentially in the order of frequency descending
[23]. In the present case, response times of the Rsl and Rc are so close
that they can hardly be separated. Therefore, a simplified equivalent
circuit with the Rsl and Rc being merged into a Rsl-c, as indicated in
the inset of Fig. 6, was proposed to analyze the observed impedance
spectra. Using the simplified equivalent circuit, the value of each
resistance element is fitted, showing that the Li/Sn-Cu cell has
significantly smaller Rsl-c and Rct (i.e., 87 U and 121 U, respectively,
versus 221 U and 180 U of the Li/Cu cell) although it has the same Rb
(7.3 U) as the Li/Cu cell does. Here, the significantly smaller Rsl-c of
the Li/Sn-Cu cell excellently evidences that the pre-plated tin layer
effectively enhanced the electrical contact between Li plating and
electrode substrate. This result well agrees with our speculation that
the tin primer layer is capable of enhancing the adhesion of Li plating
to electrode substrate by functioning as an “electric glue” to elec-
trically connect the Li plating and electrode substrate.
Fig. 5. SEM images of the cross-sectional view of the Li plating
The effect of the tin primer layer on the Li cycling performance is
further examined in M/NCA cells. Fig. 7a shows voltage profiles of
the first two cycles for three M/NCA cells (M ¼ Li, Cu, and Sn-Cu,
respectively), which were recorded at 0.1 mA cm�2 by charging
the cell to 4.2 V and discharging to 3.0 V. Overall, three cells have
very similar areal specific capacities and CEs (see the numbers in
Fig. 7a). That is, the CE is 79.4%, 78.5, and 78.3% in the 1st cycle, and
increases to 96.1%, 95.1, and 95.1% in the 2nd cycle for the Li/NCA,
Cu/NCA, and Sn-Cu/NCA cells, respectively. As usual, the much
lower CE in the 1st cycle is attributed to the irreversible capacities
consumed mainly for two aspects of (1) the formation of SEI on the
NCA particle surface and (2) the rearrangement of NCA crystalline
structure, respectively [34]. Compared with the Li/NCA cell, the Cu/
NCA and Sn-Cu/NCA cells show very small amount of extra irre-
versible capacities in the 1st charging as indicated in the inset in
Fig. 7a, which can be attributed to the reduction of native oxides on
the Cu foil for the Cu/NCA cell and to the formation of Li-Sn alloy for
the Sn-Cu/NCA cell. Starting from the 3rd cycle, the current density
is increased to 0.5 mA cm�2, and the cells' capacity and CE are
compared in Fig. 7b. It is observed that both the capacity retention
and CE are decreased in the order of Li/NCA cell > Sn-Cu/NCA
cell > Cu/NCA cell. In particular, the Cu/NCA cell was run only for
about 30 cycles, and the Sn-Cu/NCA cell for about 80 cycles before
their capacities declined to zero. It is of interest to find that the
capacity fading rate of three cells roughly equals to “100-CE”. For
example, the averaged CE in Fig. 3c for Li plating on the Cu foil is
as described in Fig. 4. (a) on Cu foil, and (b) on Sn-Cu foil.



Fig. 7. Cycling performance of the M/NCA cells with different anode materials. (1) Li foil, (2) Cu foil, and (3) Sn-Cu foil. (a) Voltage profile of the 1st and 2nd cycles, in which the
numbers indicate discharge capacity (mAh cm�2) and coulombic efficiency (%), (b) plots of discharge capacity and coulombic efficiency vs. cycle number, and (c) capacity recovery of
a dead Cu/NCA cell by replacing Cu foil with a fresh Li foil, where the inset shows a digital photo of dead Li particles on the Cu foil.
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93%, and accordingly the capacity fading rate of the Cu/NCA cell in
Fig. 7b is determined to be about 7% per cycle (¼100�93%).

In order to understand themechanism for fast capacity fading of
the Cu/NCA cell, the dead cell was disassembled and the Cu foil was
replaced with a fresh Li foil. As shown in the inset of Fig. 7c, there
are numbers of powder-like dead Li, in a black color, on the Cu
surface, and these dead Li are found to immediately evolve
hydrogenwhen being in contact with water. Upon the replacement
of the Cu foil by a fresh Li foil, more than half of the capacities are
recovered and the CEs approach nearly 100% (see Fig. 7c). The above
results reveal that the Li source for forming dead Li is originated
from the NCA cathode, and that the fast capacity fading of the Cu/
NCA cell is truly due to the loss of reversible Liþ ions from the NCA
cathode as a result of the low CE of Li cycling on the Cu substrate.
The difference in the capacity retention between the Cu/NCA and
Sn-Cu/NCA cells, as observed in Fig. 7b, evidently indicates the
positive effect of the pre-plated tin primer layer on the Li cycling
performance although the present results are still far away from the
requirement for practically viable batteries. Finally, it should be
noted that the electrode substrate is expected only to affect the
nucleation of Li metal and the adhesion of resultant Li plating to the
electrode substrate. The next growth of Li metal relies more on the
electrolyte, which is beyond the scope of the present paper.
4. Conclusions

In summary, in this work we demonstrated the importance of
electrode substrate in affecting the Li cycling performance, and
proposed a simple approach for the modification of existing Cu
current collector. By pre-plating a very thin tin layer onto the
existing Cu foil, the Li metal can be first reactedwith the Snmetal to
form a Li-Sn alloy, and the next Li metal is cycled on the Li-Sn alloy
surface, other than on the Cu substrate. Due to the chemistry
similarity between Li metal and Li-Sn alloy, the resultant Li-Sn alloy
is shown to behave as an “electrical glue” to electrically connect the
Li plating and electrode substrate, which leads to considerably
improved adhesion of Li plating to the electrode substrate and
consequently increases the Li cycling efficiency and stability in the
rechargeable lithium batteries. However, the electrode substrate is
expected only to affect the nucleation of Li metal and the adhesion
of Li plating to the electrode substrate, the next growth of Li metal
relies more on the electrolyte. In order to make the “Li-free” bat-
teries practically viable, suitable electrolyte must be developed in
parallel with the modification of existing Cu substrate.
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