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Lithium–metal batteries (LMBs) comprising a lithium anode and high-specific-capacity manganese (Mn)-

based cathode provide a promising high-energy-density system. However, this full cell suffers from poor

cycling life under practical conditions. In this contribution, the effect of transition metal ions, e.g., Mn

ions, dissolved from the cathode on the failure of lithium anodes was investigated in a working cell.

Mn ions are involved in the formation of the solid electrolyte interphase (SEI), inducing the emergence

of Mn content and a decrease in the Li2O and LiF components in the SEI; this results in

inhomogeneous lithium nucleation. Furthermore, the direct chemical reaction between Mn ions and

lithium anodes results in anode corrosion. For the crossover shielding of Mn ions, a graphene-coated

separator was proposed to obstruct Mn ions by adsorption for lithium protection, prolonging the

lifespan of LMBs under harsh conditions. This study not only highlights the impact of dissolved

transition metal ions, such as Mn ions, on the stability of lithium anodes but also affords a practical

strategy to shield the crossover of transition metal ions for anodic protection in both present lithium-

ion and next-generation batteries.
Introduction

In the pursuit of high-energy-density rechargeable batteries to
meet the increasing demands of portable electronics and elec-
trical vehicles, lithium (Li)–metal batteries combining Li anode
with high-specic-capacity transition metal oxides as cathodes
have emerged as a promising energy storage system.1–4 The high
specic capacity (3860 mA h g�1) and low reduction potential
(�3.04 V vs. standard hydrogen electrode) enable the Li metal to
be one of the most competitive candidates.5,6 For using transi-
tion metal oxides as cathodes, manganese (Mn)-based oxides,
such as LiNixCoyMn1�x�yO2 (NCM) and xLi2MnO3$(1� x)LiMO2

(M ¼ Ni, Co, Mn, or their combination, denoted as LM-rich
NCM), have attracted increasing attention due to their high
voltage, high specic capacity, and moderate structural
stability.7–10 In particular, the specic capacity of LM-rich NCM
has exceeded 300 mA h g�1,11 and the energy density of practical
Li–metal batteries is supposed to be over 400 W h kg�1.12,13
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Furthermore, the employment of Mn-based cathodes also
reduces the reliance on limited cobalt sources, rendering
advantages of low cost and nontoxicity.

However, the short lifespan and safety issues have severely
hindered the practical applications of Li–metal batteries. A
high-performance Li–metal battery highly depends on a Li
anode with a stable solid electrolyte interphase (SEI),14,15 which
dictates the deposition behaviors and utilization efficiency of Li
during cycling, ultimately leading to the failure of Li–metal
batteries.16,17 In general, the formation of SEI can be impacted
by the solvation of Li ions in the electrolyte,18–22 adsorption of
solvated Li ions on the surface,23–25 temperature,26 and so on.27–30

While employing Mn-based cathodes to pair with Li anodes,
a new challenge emerges, which further complicates the
formation of SEI. Transition metal ions, such as Mn ions, can
dissolve from cathode due to the irreversibly structured,
chemical, and electrochemical instability and then migrate to
anode and degrade it severely, which prevents the application of
almost Mn-based cathodes.31–33 In currently available Li-ion
batteries with a graphite anode, Mn ions have been proven to
be involved in the SEI of graphite, catalyzing the decomposition
of the electrolyte and changing the components of SEI, which
obviously deteriorates the performance of graphite anodes.34–37

As per X-ray absorption near-edge spectra, the valence state of
Mn ions in the SEI is Mn(II), as proven by Qiu, Amine, and co-
workers.38 Nevertheless, the effect of the dissolution of Mn ions
on a Li anode remains an undeveloped area. The SEI on a Li
anode is more sensitive and fragile when compared with the SEI
J. Mater. Chem. A, 2020, 8, 4283–4289 | 4283
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on graphite due to the highly reactive nature of Li dendrites and
large volume change of a Li anode during cycles. Moreover, the
deposited Li is directly exposed to Mn ions, unlike the interca-
lated Li ions in the graphite anode.

In this contribution, the role of Mn ions on the formation
process of SEI and the subsequent deposition of Li was inves-
tigated by introducing anhydrous manganese(II) bis(tri-
uoromethanesulfonyl)imide (Mn(TFSI)2) into the carbonate
electrolyte in an electrolytic cell, and a new and practical
strategy was proposed to shield crosstalk of Mn ions in a Li–
metal battery using the NCM cathode. Concretely, Mn ions
interfere with the formation of SEI and regulate the compo-
nents of SEI, resulting in the emergence of Mn ions and
a decrease in the contents of Li2O and LiF when compared to
those of the original SEI. This signicantly destroys the
uniformity of the SEI. Consequently, the nucleation and depo-
sition of Li become sparse and irregular in the presence of Mn
ions. In addition, the chemical reaction betweenMn ions and Li
metal also corrodes the Li anode, which further deteriorates the
utilization efficiency of Li anodes. In response, a graphene-
coated separator was demonstrated to obstruct the crosstalk
of Mn ions by adsorption, prolonging the lifespan of Li–metal
batteries under practical conditions.
Experimental
Materials

Lithium (Li) metal foils (33 or 500 mm) were purchased from
China Energy Lithium Co., Ltd. and were directly used as
received. Lithium hexauorophosphate (LiPF6) and Mn(TFSI)2
were purchased from Tokyo Chemical Industry Co., Ltd. Fluo-
roethylene carbonate (FEC) and dimethyl carbonate (DMC) were
purchased from Alfa Aesar Chemical Co., Ltd. All the solvents
and Li salts were directly used as received. The electrolyte used
in the electrolytic cell was composed of 1.0 M LiPF6 dissolved in
FEC/DMC (1 : 4 by volume) with or without 50 mM Mn(TFSI)2,
except when explicitly mentioned otherwise. The NCM cathode
was acquired from Shaanxi Gnnano Co., Ltd. with an areal
capacity of 2.5 mA h cm�2 (measured value). Commercial Cel-
gard 2400 was used as the polypropylene (PP) separator. All the
materials were kept and used in a glove box with oxygen and
water contents below 0.1 ppm.
Preparation of graphene-coated PP (G@PP) separators

Graphene was prepared according to an earlier report.39 Typi-
cally, graphene oxide was prepared by a modied Hummers'
method.40 The as-prepared graphene oxide was grounded into
a ne powder, heated to 250 �C for 2.0 h, and then to 950 �C for
30 min at a heating rate of 30 �C min�1 under argon protection.
Graphene was obtained aer naturally cooling to room
temperature.

The G@PP separator was fabricated via a ltration process.
Typically, 1.8 mg graphene was dispersed in 20 mL N-methyl-2-
pyrrolidone (NMP) by a combination of ultrasonication for 1.0 h
and shearing for 3 min. Then, 0.2 mL PVDF/NMP (1.0 mg mL�1)
dispersion was added into the graphene/NMP dispersion,
4284 | J. Mater. Chem. A, 2020, 8, 4283–4289
followed by ultrasonication for 20 min. The mass ratio between
the binder and graphene was 1 : 9 in the dispersion. The
dispersion was ltered through a piece of PP separator (diam-
eter: 4.0 cm) and subsequently dried at 60 �C for 12 h. The
graphene loading on the PP separator was controlled to be
approximately 0.15 mg cm�2.

Materials characterizations

Li–metal anodes or deposited Li were rstly washed with DMC
three times to completely remove the residual electrolyte and
then dried until the solvent was thoroughly volatilized in the
glove box. The Li–metal anodes were protected with argon in
a homemade container to avoid contact with air during the
transferring process before performing the characterizations.
The morphologies of the deposited Li were characterized by
a scanning electron microscope (SEM, JSM 7401F, JEOL Ltd.,
Japan) operated at 3.0 kV. The graphene was characterized
using a JEM 2010 transmission electron microscope (TEM,
JEOL Ltd.) at 120.0 kV, and the mapping by energy-dispersive X-
ray spectrometry (EDS) was performed using a TEM equipped
with an EDS unit from Oxford Instruments. X-ray photoelec-
tron spectroscopy (XPS) experiments were carried out using
a scanning X-ray microprobe (Quantera SXM, ULVAC-PHI, Inc.)
operated at 250 kV and 55 eV with monochromated Al-Ka

radiation.

Electrochemical measurements

The electrochemical reduction decomposition of the electrolyte
wasmeasured by cyclic voltammetry (CV) using a copper current
collector as the working electrode and Li as the counter and
reference electrodes at a scan rate of 0.5 mV s�1 within 2.0 V and
0.01 V vs. Li/Li+.

An H-type electrolytic cell was employed to determine the
effect of Mn ions on intrinsic Li deposition without pressure.
Mn ions were only introduced into the Li anode side and then
the effect of Mn ions on Li deposited on the Cu substrate could
be observed. The electrolyte with Mn ions was separated from
the electrolyte without Mn ions by a PP or G@PP separator. The
current density of deposition was 0.2 mA cm�2 and the capac-
ities were 0.2 and 1.0 mA h cm�2 for nucleation and nal
morphology, respectively. The electrolytic cell was assembled
and sealed in a glove box and then tested at 25 �C.

Li|Cu and Li|NCM cells were assembled in standard 2032
coin-type cells in an Ar-lled glove box with oxygen and water
contents below 0.1 ppm. Li|Cu cells were tested at a current
density of 1.0 mA cm�2 and capacity of 1.0 mA h cm�2, where
a Li foil (500 mm) with a diameter of 16 mm and Cu foil with
a diameter of 17 mm were used. The Li|NCM batteries were
monitored in the galvanostatic mode within a voltage range of
3.0–4.3 V using the LAND multichannel battery cycler, where an
ultrathin Li foil (33 mm) with a diameter of 15 mm and NCM
cathode with a diameter of 13 mm were used. The amount of
electrolyte was 7.7 g A�1 h�1. The Li|NCM batteries were
rstly cycled at 0.1C for two cycles and then cycled at 0.4C
(1C ¼ 180 mA g�1). The current densities at different rates were
calculated based on the current density at 1.0C.
This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Changes in SEI formation

The intrinsic effect on the formation of SEI and Li deposition
induced by Mn ions was investigated in an H-type electrolytic
cell. The use of an electrolytic cell excludes the impact of
pressure in coin cells on SEI and Li deposition.41,42 Mn(II) has
been considered as the most common state of existence of Mn
ions in an electrolyte.43 Anhydrous Mn(TFSI)2 was selected to
eliminate the side-effects of water and no disturbance from the
TFSI anion is expected.33 Mn ions were only introduced into one
side (Li reservoir) of the H-type electrolytic cell and then the
effect of Mn ions on deposited Li on Cu substrates on the other
side can be investigated (Fig. 1a and S1†). A PP separator is
placed between the electrolytes with and without Mn ions. In
terms of electrolytes, a FEC cosolvent was used for further
clarify the severe challenges induced by Mn ions toward Li
anodes, although FEC is considered to be an effective additive
to protect graphite anodes and has emerged as a promising
additive to ensure uniform Li deposition.44

The effect of Mn ions on the electrochemical formation
process of SEI was directly identied by a CV test. The reduction
of Mn ions occurs during the formation of SEI (ca. 1.3 V vs. Li/
Li+, Fig. 1b) in the presence of Mn ions in the electrolyte. The
reduction in the decomposition potential of FEC is ca. 1.1 V
without Mn ions in the electrolyte. In contrast, the typical
reduction decomposition of FEC is suppressed with Mn ions in
the electrolyte, indicating that the electrochemical decomposi-
tion of the electrolyte and the formation processes of SEI are
disturbed by the presence of Mn ions. Thereaer, XPS was
employed to investigate the change in the components of SEI.
Obviously, Mn(II) ions were detected in the SEI upon Li depo-
sition, although there are no Mn ions initially on the Cu side
(Fig. 1b), illustrating the fact that a commercial PP separator
Fig. 1 (a) Schematic diagram of an electrolytic cell employed for
electrodeposition. Mn ions are only introduced into the Li side. XPS
spectra of SEI after etching for 1 min on Li deposited on a Cu substrate
in an electrolytic cell with and without crosstalk from Mn ions: (b) Mn
2p, (c) Li 1s, and (d) F 1s. Inset in (b) shows the CV curves of the
electrolyte with and without Mn ions.

This journal is © The Royal Society of Chemistry 2020
cannot blockMn ions due to its straight pores. The valence state
of the Mn ions in the SEI on Li metal is also consistent with that
on the graphite anode. In the Li 1s spectra (Fig. 1c), the content
of oxygen-contained components, such as Li2O, decreases
signicantly while Mn ions are involved into the formation of
SEI, proving that the normal decompositions of solvents are
disturbed because the oxygen-contained components are
mainly from solvent. 45 Recently, the role of Li2O in enhancing
the uniformity of SEI in addition to LiF has also been demon-
strated, particularly for FEC-based electrolytes.16,46,47 In the F 1s
spectra (Fig. 1d), the –C–F components obviously increase and
the LiF content decreases in the presence of Mn ions. MnF2
exists in the F 1s spectra. It is well known that LiF facilitates
uniform Li deposition.48–50 A signicant change in the compo-
nents of SEI can be mainly induced by two aspects: (1) dis-
turbing the electrochemical decomposition of the electrolyte to
form the SEI (as shown by the CV test); (2) Mn ions can also
react with the decomposed products in the newly formed SEI, as
demonstrated in earlier works.36,38 The signicant change in the
components of SEI in the presence of Mn ions can deteriorate
the uniformity of SEI.
Li nucleation

The homogeneity of SEI dictates the subsequent nucleation and
growth of the deposited Li, inducing different morphologies of
Li–metal anode and nally determining the cycle life of Li
batteries. The intrinsic inuence of Mn ions on deposited Li is
further investigated in an electrolytic cell by excluding the
disturbance of pressure during the plating process. In the
absence of Mn ions, the nucleation of deposited Li is regular
and compact at a capacity of 0.2 mA h cm�2 with the intro-
duction of FEC as the cosolvent (Fig. 2a), which induces a LiF-
rich SEI to regulate uniform Li deposition.44 The nucleation of
Li grows with an increase in the capacity to 1.0 mA h cm�2,
yielding smooth and compact Li columns (Fig. 2b). In contrast,
the nucleation of Li at the same deposition capacity is irregular
and sparse in the presence of Mn ions in the electrolyte (Fig. 2c).
With an increase in capacity, the deposited Li exhibits non-
compact and corrosive morphology (Fig. 2d). The corrosive
morphology of Li is induced by the direct displacement reac-
tions between Li and Mn ions during long-time immersion
(Fig. S2†), which also illustrates that Mn ions can penetrate the
SEI and SEI cannot totally block Li metal from electrolyte
corrosion.

Mn ions were then introduced into working Li|Cu coin cells
to evaluate the utilization efficiency and lifespan of the Li anode
(Fig. 2e). The coulombic efficiency (CE) of the Li|Cu cells
without Mn ions is 93% aer 60 cycles. With the addition of
5 mM Mn ions, the CE initially decreases to 90% and then
rapidly decays aer only 25 cycles. Furthermore, CE continu-
ously and rapidly decreases during the entire life when the
concentration increases to 50 mM, where the positive effects on
uniform Li led by FEC is counteracted by the presence of Mn
ions. The presence of Mn ions severely deteriorates the stability
of Li anode because of the following mechanisms (Fig. 2f). Mn
ions dissolve from the Mn-based cathode and cross the
J. Mater. Chem. A, 2020, 8, 4283–4289 | 4285
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Fig. 2 Depositionmorphology of Li on a Cu substrate in an electrolytic
cell (a and b) without Mn ions and (c and d) with Mn ions at different
deposition capacities at a current density of 0.2 mA cm�2. Insets in the
bottom corner show the schematics of the nucleation of Li. (e) CE
values of Li|Cu coin cells for different amounts of Mn ions. (f) Proposed
failure mechanism of Li anodes in the presence of Mn ions.
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separator to arrive at the anode surface. Firstly, Mn ions regu-
late the electrochemical and chemical reactions of SEI forma-
tion. The uniformity of SEI cannot be effectively maintained
with decreased Li2O and LiF and increased components con-
taining –C–F bonds. Consequently, the inhomogeneous and
irregular nucleation of Li results in the formation of non-
compact Li deposition. Secondly, Mn ions can penetrate the SEI
to corrode Li via displacement reactions. The utilization effi-
ciency of the deposited Li signicantly reduces during cycling,
which accounts for the short lifespan and instability of Li
anodes.
Fig. 3 (a) Morphology of graphene coated on a PP separator. Inset
shows an optical image of the G@PP separator. (b) SEM image of the
cross-sectional view of the G@PP separator. (c) Morphology of the
deposited Li when using a G@PP separator in electrolytic cells. (d)
Schematic of the roles played by different separators in the presence
of Mn ions in dictating Li deposition.
Crosstalk shielding by graphene-coated separators

Bulk doping, surface coating, core–shell structure, and gradient
strategies of the cathode are currently used effective routes to
suppress the dissolution of Mn ions,32,51,52 protect graphite
anodes, and enhance the cycling performance of Li-ion
batteries. However, the effect, cost, and technical complexity
of the present strategies are unsatisfactory, although several
improvements in lifespan have been achieved. Therefore, a new
and practical strategy has become imperative in addition to
suppressing the dissolution of Mn ions. As an indispensable
part of batteries, the general function of a separator is to ensure
electron insulation between the anode and cathode. In
a working battery, Mn ions dissolve from the cathode and then
cross the separator to degrade the Li anode. Therefore, pro-
tecting the Li anode can be signicantly improved if this
crosstalk of Mn ions is obstructed by modifying the separator.
4286 | J. Mater. Chem. A, 2020, 8, 4283–4289
In order to protect the Li anode from the disturbance of Mn
ions, a G@PP separator (Fig. 3a) was proposed to block the
crosstalk of Mn ions. The specic surface area of graphene is
609 m2 g�1 and the pore volume is 2.1 cm3 g�1, as reported
earlier.53 The thickness of graphene on a PP separator by
ltration is ca. 25 mm and the areal mass loading of graphene is
0.15 mg cm�2 (Fig. 3b). The through pore of a PP separator was
covered by graphene (Fig. S3†). When the PP separator was
substituted by a G@PP separator and the same current density
and deposition capacity as those used above were employed in
an electrolytic cell, compact and uniform Li deposition was
achieved, similar to that obtained when an electrolyte without
Mn ions was used, proving that Mn ions are blocked by the
G@PP separator (Fig. 3c). Elemental Mn on the surface of gra-
phene was also detected by the EDS to validate the above-
mentioned argument (Fig. S4†). Therefore, Mn ions directly
cross the through pores of the PP separator, disturb the elec-
trochemical and chemical formations of uniform SEI and
nucleation, and react with metallic Li, ultimately resulting in
noncompact and corrosive Li deposition (Fig. 3d). In contrast,
Mn ions tend to be adsorbed within the numerous pores of
graphene when they cross the G@PP separator, which ensures
that the Li anode remains far away from the Mn ions and
preserves the original SEI and deposition morphology.

Crosstalk shielding in a working battery

The effectiveness of a G@PP separator was further evaluated by
using Li|NCM523 batteries under harsh conditions, such as an
ultrathin Li anode (33 mm), a high loading cathode
(2.5 mA h cm�2, measured value), and lean electrolytes (7.7 g A�1

h�1). NCM523 is a routine cathode in currently available Li-ion
batteries for electrical vehicles, where elemental Mn contributes
toward the structural stability of NCM.54 However, the dissolution
ofMn ions also occurs.55 In comparison tomild conditions inmost
publications including a thick Li anode (>200 mm), a low loading
This journal is © The Royal Society of Chemistry 2020
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cathode (<1.0mAh cm�2), andooded electrolytes (>30 g A�1 h�1),
the employment of an ultrathin Li, a high loading cathode, and
lean electrolytes facilitates the revealing of the intrinsic issues
within the Li anode.56 The potential issues concealed under mild
conditions, such as short lifespan and electrolyte depletion, are
revealed under practical conditions, which can further promote
the progresses of Li batteries (Fig. S5†). Furthermore, 80% reten-
tion of the initial capacity is considered to be the benchmark of the
cycle life in present Li-ion batteries, which is also appropriate for Li
batteries aiming for practical applications.

The initial discharge capacity of Li|NCM523 batteries with
a PP or G@PP separator is ca. 2.5 mA h cm�2 (Fig. 4a). The
capacity of batteries with a PP separator rapidly decays aer 45
cycles and approaches the benchmark of 80% retention on the
62nd cycle. The decay of batteries also accompanies an increase
in overpotential (Fig. 4b). While a G@PP separator was
employed towards cathode, batteries exhibit stable operation
for 100 cycles without any abrupt roll-down. Moreover, the effect
of the types and layers of separators were also excluded
(Fig. S6†). The overpotential of batteries using a G@PP sepa-
rator marginally decreases. The cycled Li anode was dis-
assembled from Li|NCM523 batteries for further investigations.
Corrosive and noncompact Li was deposited when the PP
separator was used (Fig. 4c). In contrast, smooth and compact
Li (diameter: 10 mm) was formed in the presence of a G@PP
separator (Fig. 4d). Aer 50 cycles, several isolated Li deposits
(marked in white dashed circles) were observed with a PP
separator (Fig. 4e). However, there are no obvious isolated Li
Fig. 4 (a) Cycling performance of Li|NCM523 batteries under harsh
conditions with PP and G@PP separators at 0.4C after 2 chemical
formation cycles at 0.1C. (b) Charge and discharge curves of
Li|NCM523 batteries at the 3rd and 70th cycles. Morphology of the
deposited Li in the charged state of Li|NCM523 batteries after 5 cycles
with a (c) PP and (d) G@PP separator and after 50 cycles with a (e) PP
and (f) G@PP separator.

This journal is © The Royal Society of Chemistry 2020
deposits when using a G@PP separator, revealing that Li can be
utilized with very high efficiency (Fig. 4f). Isolated Li cannot be
utilized because contact is lost with the current collector;
further, because of gradual accumulation, a dead Li layer gets
coated on fresh Li, increasing the resistance of Li batteries.57

The formation of isolated Li originates from the inhomoge-
neous SEI and Li deposition.16,58,59 Due to the inhomogeneous
stripping rate of Li ions induced by heterogeneous SEI, the
deposited Li can break from the middle part, which loses
contact with the current collector, induces the loss of fresh Li,
and decreases the utilization efficiency of Li. Moreover, the
chemical reactions between Mn ions and Li also results in the
loss of fresh Li. The employment of a G@PP separator can
protect the SEI and Li anode from Mn ions, thereby increasing
the utilization efficiency of Li and prolonging the cycle life of Li
batteries under harsh conditions.

Conclusions

The effect of transition metal ions from Mn-based cathodes on
Li–metal anodes was systematically investigated in an elec-
trolytic cell and practical Li|NCM523 batteries. Furthermore,
a fresh and practical strategy to obstruct the crosstalk of Mn
ions was proposed by designing a graphene-coated separator.
Mn ions can cross the pore of the PP separator and deteriorate
the stability of the Li anode. The presence of Mn ions interferes
with the electrochemical decomposition of the electrolyte. For
instance, the reduction of Mn ions emerges and the decom-
position of FEC is disturbed, as revealed by the CV test.
Moreover, Mn ions can react with the fresh decomposition
products of the electrolyte, changing the nal components of
the SEI. Li2O and LiF decrease and the components containing
–C–F bonds increase in the presence of Mn ions in the elec-
trolyte (where FEC is used as the cosolvent), which destroys the
homogeneity of the original SEI with abundant Li2O and LiF
and induces sparse and irregular Li nucleation. Furthermore,
the direct chemical reaction between the Mn ions and Li also
corrodes the Li anode. Therefore, noncompact and corrosive Li
is generated during repeated cycles. Isolated Li easily forms
due to the inhomogeneous SEI and noncompact Li, which
results in the loss of fresh Li, low utilization efficiency of Li
anode, and rapid decay of practical Li batteries. When a G@PP
separator was employed, the crosstalk of Mn ions was blocked
by adsorption into the numerous pores, protecting the Li
anode against damage from Mn ions and prolonging the life-
span of Li batteries. This work provides a fresh perspective into
the failure mechanism of Li anode in presence of Mn ions
dissolution and highlights the impact of crosstalk of the
transition metal ions on the stability of the Li anode.
Furthermore, it also affords a novel strategy to deal with the
crosstalk of transition metal ions for not only Li–metal
batteries but also present Li-ion, silicon-based, sodium-
based, and other rechargeable batteries.
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