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The deposition of manganese ions dissolved from the cathode onto the interface between the solid
electrolyte interphase (SEI) and graphite causes severe capacity fading in manganese oxide-based cells.
The evolution of the SEI layer containing these Mn compounds and the corresponding instability of the
layer are thoroughly investigated by artificially introducing soluble Mn ions into a 1 mol L�1 LiPF6
electrolyte solution. Deposition of dissolved Mn ions induces an oxygen-rich SEI layer that results from
increased electrolyte decomposition, accelerating SEI growth. The spatial distribution of Mn shows that
dissolved Mn ions diffuse through the porous layer and are deposited mostly at the inorganic layer/
graphite interface. The Mn compound deposited on the anode, identified as MnF2, originates from a
metathesis reaction between LiF and dissolved Mn ion. It is confirmed that ion-exchange reaction occurs
in the inorganic layer, converting SEI species to Mn compounds. Some of the Mn is observed inside the
graphite; this may cause surface structural disordering in the graphite, limiting lithium-ion intercalation.
The continuous reaction that occurs at the inorganic layer/graphite interfacial regions and the modifi-
cation of the original SEI layer in the presence of Mn ions are critically related to capacity fade and
impedance rise currently plaguing Li-ion cells.

© 2015 Elsevier B.V. All rights reserved.
Aerospace Engineering, Mis-
65409, USA.
1. Introduction

The capacity and power fading of lithium-ion (Li-ion) batteries
are complicated processes that are very challenging to understand
and resolve, especially at elevated temperatures [1e6]. Although
the mechanisms responsible for the degradation of Li-ion batteries
cannot be simplified and explained by one or two phenomena, the
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dissolution of the active materials and the instability of the solid
electrolyte interphase (SEI) are two of the key phenomena
responsible for the degradation. These two phenomena, in partic-
ular, cannot be considered independent at elevated temperatures,
since a significant amount of the ions dissolved at elevated tem-
peratures move to the anode side and modify the SEI layer.
Consequently, transition metal dissolution from the cathode ma-
terials not only influences the reversible capacity of the positive
electrode, it also influences the reversible capacity of the negative
electrode.

The dissolution of active materials from the cathode side clearly
causes the loss of usable materials from the positive electrode.
These dissolved transition-metal ions subsequently re-deposit on
the positive electrode, forming an electrically insulating layer of
oxides and fluorides [4,7]. Moreover, the dissolved ions diffuse to
the negative electrode, where they are deposited, influencing both
the chemical degradation of the SEI layer and the self-discharge of
the lithiated anode [8,9]. These phenomena are especially impor-
tant for manganese-based electrodes, such as LiMn2O4, LiMnO2,
Li1þxMn2O4, and Li1.05(Ni1/3Co1/3Mn1/3)0.95O2, since the
manganese-based oxides are more vulnerable to dissolution in the
electrolyte than other cathode materials, especially at elevated
temperatures [10]. It has been also reported that the amount of Mn
deposited is significantly greater than that of other transition
metals, such as Ni and Co [11]. Thus, in manganese-based cells, a
considerable amount of Mn ions is expected to be continuously
dissolved and deposited during prolonged storage/cycling at
elevated temperatures.

The instability of the SEI on the anode is severe especially at
elevated temperatures; two factors, i.e., temperature and dissolved
Mn ions, considerably contribute to degradation of the SEI layer
[2,3,8,9]. Fig. 1 shows a simple schematic of the degradation of the
SEI on the graphite that occurs at elevated temperatures. As shown
in the figure, two different mechanisms are associated with the
degradation of the SEI: (1) Elevated temperatures directly induce
the dissolution, breakdown, and conversion of the SEI layer, which
make the original SEI layer to be a defective layer [1e3]. This
defective layer causes the consumption of cyclable lithium ions and
additional decomposition of the electrolyte to reform the layer,
resulting in the growth of the SEI layer. (2) The dissolved Mn ions
also induce side reactions associated with the deposition of the Mn
Fig. 1. A schematic description of the SEI instability that occurs in cycled or stored Li-
ion batteries at elevated temperatures.
ions, resulting in a defective layer [8,9,12]. During the deposition
process, Mn ions can interact with the chemical species in the SEI
layer, and deposited Mn compounds can promote a catalytic reac-
tion that results in more decomposition of the electrolyte. In
addition, the deposition of the dissolved Mn ions can make lithium
ions in the lithiated graphite to deintercalate during the reduction
process [8]. Thus, degradation of the SEI layer proceeds in the
presence of the dissolvedMn ions, reducing capacity and power of a
Li-ion battery. At elevated temperatures, these two phenomena
simultaneously occur and are coupled to each other, which make
understanding the mechanism of SEI layer degradation more
complex.

To simplify the problem and get a better insight into the influ-
ence of Mn deposition on capacity fade, several studies have been
conducted by artificially introducing soluble Mn ions into the
electrolytes. Either a defined amount of the manganese perchlorate
[Mn(ClO4)2] has been dissolved in LiClO4-based electrolytes or the
anodic dissolution of Mn metal has been carried out using elec-
trolysis [9,12e15]. These previous studies provide limited infor-
mation that is only applicable to LiClO4-based electrolyte systems
because, in each case, a lithium salt (LiClO4) was used as the elec-
trolyte. Moreover, the presence of hydrofluoric acid (HF), which is
an important reason for Mn dissolution in LiPF6-based electrolytes,
has been ignored in LiClO4-based electrolyte systems. A recent
study tried to mimic the conditions in LiPF6-based commercial cells
by immersing LiMn2O4 powder in the electrolyte at the high tem-
perature for several days [16]. However, this preparation could
cause the degradation of the electrolyte during the storage, pro-
ducing byproducts such as HF, PO3F2�, and PO2F2- in the electrolyte
[17]. In addition, it is difficult to achieve the desired amount of
dissolved Mn ions in the electrolyte.

So far, a number of efforts have been made to understand the
influence of Mn deposition on anode performance, the interaction
mechanism between dissolved Mn ions and the anode/electrolyte
interface, and the oxidation state of the deposited Mn. The deteri-
oration of anode performance induced by Mn deposition has been
clearly observed with increased reduction current and interfacial
impedance [12e16,18]. However, earlier studies have shown con-
flicting results about the mechanism responsible for Mn compound
deposition and the oxidation state of the deposited Mn compound.
This makes it difficult to have a clear understanding of what hap-
pens at the anode/electrolyte interface as a result of the deposition
of Mn ions. It was initially proposed that the dissolved Mn ions
could be reduced electrochemically by the low potential, based on
the known standard redox potential of Mn/Mn2þ (1.87 V vs. Li/Liþ)
[12]. Another hypothesis was that the reduction of the Mn ions on
the anode surface occurs chemically, via the chemical activity of the
lithiated graphite [18]. Another possibility has recently been pro-
posed that a metathesis reaction occurs between the dissolved Mn
ions and some species in the SEI layer, rather than reduction during
Mn deposition on the anode [16]. Even when the deposited Mn
compound was not clearly identified, the 2 þ oxidation state of Mn
deposited on anodes was predominantly observed [9,13,19]. How-
ever, recent studies also suggested that ametallic form ofMn can be
formed on the anode [14,20,21]. The Mn compounds reported to
date are summarized in Table 1.

Despite the research described above, the precise mechanism of
the interaction between dissolved Mn ions and the anode/elec-
trolyte interface is still being debated and remains a challenging
topic. To shed further light on the mechanism of capacity fade
driven by deposited Mn, it is necessary to understand how the
dissolved Mn ions cause SEI degradation. The identification and
spatial distribution of Mn compounds at the anode/electrolyte
interface are also essential to understand the mechanisms of Mn
deposition as well as the Mn-induced SEI degradation. The goals of



Table 1
Summary of Mn compounds proposed to be deposited on the anode.

Detection
techniques

Electrolyte employed Proposed Mn compounds Reference

XPS 1M LiClO4 in EC/DEC with addition of 150 ppm Mn(ClO4)2 MnO or Mn2O3 S. Komaba et al. [13]
XPS 1M LiPF6 in EC/DEC MnO or MnO2 L. Yang et al. [19]
XPS
AFM

1M LiClO4 in EC/DEC with 100 ppm Mn ions by the anodic dissolution of Mn metal
(electrolysis)

Metallic Mn, MnCO3, and
Mn(ClO4)2

M. Ochida et al. [14]

XAS 1M LiClO4 in EC/DEC with addition of 2.5 mM Mn(ClO4)2 Mn(ǁ) such as MnCO3 C. Delacourt et al.
[9]

XAS
XPS

1.2M LiPF6 in EC/EMC with 20 ppm Mn ions dissolved from LiMn2O4 powder Mn(ǁ) such as MnCO3 and MnF2 C. Zhan et al. [16]

TEM
XPS

1M LiPF6 in EC/DEC Metallic Mn and MnF2 X. Xiao et al. [21]

XAS 1M LiClO4 in EC/DEC with addition of 200 ppm Mn(ClO4)2 Metallic Mn and Mn(ǁ) S. R. Gowda et al.
[20]
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this work are an understanding of how the composition and
structure of the SEI layer are modified by dissolved Mn ions and
how these modifications degrade battery performance. In order to
reveal the deposition/reactionmechanism of dissolved Mn ions, we
identified the Mn compounds that form on both the graphite anode
and individual SEI species, and investigated how the Mn is
distributed at the graphite/electrolyte interface.
2. Experimental

A binder-free highly oriented pyrolytic graphite (HOPG, SPI
supplies) was chosen as the working electrode in order to investi-
gate the difference in SEI layer compositions that forms in the Mn-
free electrolyte and the Mn-containing electrolyte. The presence of
polyvinylidenedifluoride (PVdF) in conventional composite anodes
makes it difficult to achieve a detailed and conclusive analysis of
the SEI composition, since peaks associated with the PVdF binder
overlap with the peaks of SEI chemical species in X-ray photo-
electron spectroscopy (XPS) spectra. The HOPG electrode was
prepared as a square sheet with sides of 5 mm and a thickness of
1 mm. For other purposes, the composite electrode was prepared
by spreading a mixture of 90 wt % synthetic graphite powder
(TIMREX SLP 30, Timcal) and 10 wt % PVdF binder dissolved in
anhydrous N-methyl-2-pyrrolidone (99.5% NMP, SigmaeAldrich)
onto a 9 mm-thick Cu foil (MTI corp.). The electrode sheet was then
vacuum-dried at 110 �C for one day to remove the NMP. Lithium
metal (Alfa Aesar) and the Celgard 2320 were used as a counter
electrode and a separator, respectively, in the coin-cell assembly
process. All 2032-type coin cells (MTI Corp.) were assembled in an
argon-filled glove box (MBraun) containing less than 0.1 ppm ox-
ygen and moisture. The electrolyte solution was 1 M lithium hex-
afluorophosphate (LiPF6, SigmaeAldrich) dissolved in a mixture
(1:1, v/v) of ethylene carbonate (EC, SigmaeAldrich) and dimethyl
carbonate (DMC, SigmaeAldrich). The Mn-containing electrolyte
was prepared by dissolving a known amount of synthesized man-
ganese hexafluorophosphate [Mn(PF6)2] into the base electrolyte.
The Mn(PF6)2 salt was synthesized by reacting manganese chloride
(MnCl2, SigmaeAldrich) with the silver hexafluorophosphate
(AgPF6, SigmaeAldrich) in ethanol. The mixture was then filtered
and distilled to isolate the synthesized Mn(PF6)2. The Mn(PF6)2 was
vacuum-dried at 90 �C overnight before use. The concentration of
dissolvedMn ions in the electrolyte was analyzed using inductively
coupled plasma optical emission spectrometry (ICP-OES).

For the investigation of cycling performance and SEI composi-
tion, the assembled HOPG/Li cells containing the Mn-free or the
Mn-containing (200 ppm) electrolyte were charged to 0.01 V and
then galvanostatically discharged to 1.5 V at a rate of C/15 in the
first 3 cycles, followed by 25 times between 0.01 and 1 V at a rate of
C/7, using a battery test system (Biologic). The open-circuited cells
at 1.0 V were disassembled in an argon-filled glove box.

For the identification of the deposited Mn compound, the
composite electrode cell was charged at a rate of C/15 to 1.0 V,
which is below the standard redox potential of Mn/Mn2þ (1.87 V vs.
Li/Liþ), and then held there for 24 h. This condition was used to
examine whether or not the Mn ions were reduced and deposited
as metallic Mn under the reduction conditions. To prevent other
effects caused by solvent reduction, the potential was held at 1.0 V,
which is higher than the known solvent reduction potential 0.8 V.
In addition, the cell held at 1.0 V was discharged at a rate of C/15 to
2.5 V, which is above the redox potential, and then kept at this
potential for 24 h. Under this condition, oxidation is expected to be
favorable at the anode surface. To clearly identify the chemical state
of the depositedMn, we used an electrolytewith a dissolvedMn ion
concentration of around 2500 ppm.

To investigate the ion-exchange mechanism, lithium fluoride
(LiF, SigmaeAldrich), which is known to be one of the main com-
ponents of the SEI, was immersed in both the Mn-free electrolyte
and the Mn-containing electrolyte for one week. After soaking, the
LiF was extracted from the electrolytes, and then vacuum dried
overnight. The same procedure was performed using lithium car-
bonate (Li2CO3, SigmaeAldrich), except for the storage time. Due to
the lower solubility of Li2CO3 in the electrolyte, compared with LiF,
the Li2CO3 was immersed for two weeks [22]. To exclude the pos-
sibility of HF reacting with the dissolved Mn ions, lithium
perchlorate (LiClO4, SigmaeAldrich) was used as a salt and man-
ganese perchlorate (Mn(ClO4)2, SigmaeAldrich) was added to the
electrolyte (1M LiClO4 in EC:DMC (1:1, v/v)). The received
Mn(ClO4)2$6H2O was vacuum-dried at 100 �C for 24 h to remove
any hydrated water residue.

For the investigation of the Mn distribution throughout the SEI
layer, a composite electrode with Mn-containing electrolyte
(2500 ppm) was cycled five times at a rate of C/15 and charged to
0.005 V. Then, it was stored at open-circuit potential for 1 month at
room temperature.

Except for the samples taken to identify theMn compounds that
form on the anode and salts (LiF and Li2CO3), other cycled samples
(HOPGs) were rinsed with the DMC solvent for 3 min to remove
residual salts on samples. Rinsed and non-rinsed samples were
vacuum-dried overnight and vacuum-sealed in a glove box in order
to transfer them to the XPS instrument for the chemical analysis of
the layer that formed during the experiment. XPS measurements
were conducted using a Kratos Axis Ultra X-ray photoelectron
spectrometer equipped with a monochromatic Al Ka excitation
source (hv ¼ 1486.6 eV) in the University of Michigan Electron
Microbeam Analysis Laboratory (EMAL). The area of the SEI layer
analyzed was 300 � 700 mm2. The binding energy scale was



Fig. 3. Comparison of the elemental compositions (atom %) of SEI layers formed in Mn-
free and the Mn-containing electrolytes after the 1st cycle and the 25th cycle.
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calibrated from intrinsic hydrocarbon contamination using the C 1s
peak at 285 eV. Core spectra were recorded with 20 eV and 40 eV
constant pass energy. The fitting of core peaks were performed
using the Shirley background correction and GaussianeLorentzian
curve synthesis (70% Gaussian, 30% Lorentzian). Charge neutrali-
zation was used during the measurements. Depth profiles were
obtained by Ar-ion beam sputtering using an ion beam voltage of
4 keV.

Atomic force microscopy (AFM) was carried out on the HOPG
sample to get the thickness profile of the SEI layer. After the 10th
cycle, a square area of 2 � 2 mm2 was scratched out in the contact
mode at a constant force of 500 nN in order to remove the SEI layer
from the surface. In the lateral force mode, the area was scraped off
until the non-uniform friction, whichwas due to the SEI, changed to
uniform friction, allowing observation of the appearance of the flat
HOPG surface. Then, an area of 6 � 6 mm2 which contains the
scratched area was scanned again with a force less than 500 nN.
Finally, 20 scan lines in the dotted square area of the height image
were averaged to get the average height profile (Fig. 6), since the
non-uniform SEI layer made it difficult to determine the SEI layer
thickness.

3. Results and discussion

3.1. Influence of dissolved Mn ions on the degradation of the HOPG/
Li cell capacity

Fig. 2 shows the cycling performance of HOPG/Li cells contain-
ing electrolytes with or without dissolved Mn ions, after the for-
mation cycle. With the addition of dissolved Mn ions at a
concentration of 200 ppm, the capacity degradation occurs more
severely over 25 cycles. After 25th cycle, the Mn-free cells retain
85% of their original capacity, while the Mn-containing cells retain
only 70%. The decrease in reversible capacity due the addition of
Mn ions is consistent with the findings of other studies [12,13,16].
According to the previous studies, side reactions related to the
deposition of Mn that accompanies the loss of electric charge are
the main contributors to the reduction in capacity [23]. In addition,
continuous decomposition products of the electrolyte induced by
the deposited Mn compounds may hinder the intercalation of
lithium into the graphite, thereby reducing the reversibility of the
lithium intercalation [12]. It has also been suggested that the ca-
pacity fade is caused by modification of the SEI layer, which is
continuously reacting with dissolved Mn ions [16]. The capacity
Fig. 2. Discharge capacity retention of the HOPG/Li cell without/with dissolved Mn
ions (200 ppm).
degradation of the cell due to the addition of Mn ions could be even
more severe in a full-cell, such as a graphite/LiMn2O4 cell, which
has an absolute capacity. The reduction in the number of cyclable
lithium ions caused by the deposition of Mn and SEI reformation/
growth additionally contributes to the capacity fade. In the
graphite/Li half-cell used in this study, the capacity loss caused by
the consumption of cyclable lithium is not considered due to the
abundance of cyclable lithium.

3.2. Effects of the dissolved Mn ions on SEI chemical composition
and growth

The differences between the SEI layers that form in electrolytes
with and without Mn ions can be assessed by investigating the
elemental compositions of these SEI layers. Fig. 3 shows the relative
amounts of the elements present in the SEI layers that form in Mn-
free and the Mn-containing electrolytes after the 1st and 25th cy-
cles. Note that the concentration ofMn cannot be determined in the
Mn-containing (200 ppm) cells, since the Mn signal is barely
detectable. It seems that the quantity of deposited Mn is below the
detection limit (~1000 ppm) of XPS [11]. In reality, the Mn signal
can be detected after a very long data-collection time (above 100
core scans), indicating that a very small concentration of Mn (below
0.1%) exists at the surface. Nevertheless, there is a noticeable dif-
ference in the chemical compositions of the SEI layers that form in
the presence of electrolytes with and without dissolved Mn ions.
The SEI layer that forms in the Mn-containing electrolyte contains a
higher concentration of oxygen, but a lower concentration of
fluorine, than the SEI layer that forms in the presence of the Mn-
free electrolyte. The difference in SEI composition is due to the
formation of a number of oxygen-containing products caused by
theMn deposition. The oxygen-rich SEI layer might be attributed to
either the deposition of oxygen-containing manganese com-
pounds, such as MnO, Mn2O3, or MnCO3, or the deposition of
additional solvent decomposition products that result from the
catalytic effect of the deposited Mn compounds. It has been re-
ported that manganese compounds act as oxidation catalysts,
promoting organic compound decomposition [12,24]. Since a very
low Mn concentration (below 0.1%) is found in the SEI layer that
forms in the Mn-containing electrolyte, the increased amount of
oxygen in the Mn-containing cell must be mainly due to the for-
mation of more oxygen-containing organic/polymeric compounds,
not oxygen-containing Mn compounds. In the Mn-containing cell,
the relative amounts of carbon and oxygen in the SEI layer are still
significant after 25 cycles. On the other hand, a lower amount of
carbon and a similar amount of oxygen are observed in the SEI layer



Fig. 4. Depth profiles of HOPG surfaces after: (a) the 1st cycle, (b) the 25th cycle in Mn-free electrolyte; as well as after: (c) the 1st cycle, and (d) the 25th cycle in Mn-containing
electrolyte.

Fig. 5. AFM height (a, b) and friction (c, d) images (2 � 2 mm2) of HOPG after 10 cycles in Mn-free electrolyte before scratching (a, c) and after scratching (b, d).
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Fig. 6. AFM height images and their corresponding averaged crossesectional profiles of HOPGs cycled in (a) Mn-free electrolyte and (b) Mn-containing electrolyte.
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that forms in the presence of Mn-free electrolyte after 25 cycles. It
seems that the content of LiF increases considerably in the SEI layer
during cycling, resulting in a significant increase in the quantity of
fluorine in the Mn-free electrolyte. In contrast, a small increase in
the fluoride content of the SEI layer that forms in Mn-containing
electrolyte after 25 cycles indicates that the amount of organic/
polymeric components (which consist of carbon and oxygen) in the
SEI layer is greater than the increased amount of LiF over cycling.
This also suggests that the SEI layer that forms in the Mn-
containing electrolyte includes more organic/polymeric com-
pounds (containing C and O) than the SEI layer that forms in the
Mn-free electrolyte. This finding is further supported by the results
of depth profiling (Fig. 4). In the Mn-free cell, the amount of oxygen
rapidly decreases after only 2 min of sputtering, declining below
half the initial amount of oxygen. The observed trend of decreasing
oxygen is consistent with the results of other studies [25e28]. In
the Mn-containing cell, however, the oxygen content decreases
more gradually, requiring 8e10 min of sputtering in order to
decline below half the initial oxygen concentration. It is known that
the initial decrease in oxygen content mainly originates from the
removal of polymer and solvent reduction products, such as poly-
ethylene oxide (PEO) and alkyl carbonates [25e27]. Thus, this result
indicates that more oxygen-containing products (possibly the
organic/polymeric compounds) are present in the deeper SEI layer
that forms in theMn-containing cell. As mentioned above, since the
quantity of Mn compounds observed in the SEI layer is extremely
low, the contribution of oxygen-containing Mn compounds to the
change in the oxygen content is negligible. Except for the oxygen,
the changes in other elements as a function of depth are very
similar in the Mn-free and the Mn-containing cells, following the
generally observed trends [25e28]. The concentration of carbon
initially decreases, which reflects the reduction of organic/poly-
meric species, and then increases with sputtering time, due to the
contribution of the gradual exposure of the HOPG underlying the
SEI layer. The initial increases in fluorine and lithium reflect the
increase in LiF content with the decrease in the organic/polymeric
thin layer. The fluorine content decreases continuously with the
gradual removal of LiF, while the lithium content decreases due to
the reduction of lithium-containing organic and inorganic com-
ponents, such as alkyl carbonates and Li2CO3.

Based on the sputtering time needed for the carbon content to
exceed 70%, the thickness of the SEI layer that forms in the Mn-
containing electrolyte can be compared to that of the SEI layer
that forms in the Mn-free electrolyte. After the 1st cycle, the
thickness of the SEI layer that forms in the presence of Mn-
containing electrolyte (Fig. 4c) is quite similar to that of the SEI
layer that forms in the presence of the Mn-free electrolyte (Fig. 4a).
It is well known that SEI formation mostly occurs in the 1st cycle,
due to the reduction of the electrolyte. Thus, this result indicates
that the influence of the dissolved Mn ions on the initial SEI layer
growth is not significant during the formation process. However,
the effect is clearly seen after the 25th cycle. In the Mn-free cell, the
thickness of the SEI layer after the 25th cycle (Fig. 4b) is almost
identical with the thickness of the SEI layer after the 1st cycle
(Fig. 4a). This result suggests that the SEI layer that forms without
deposited Mn effectively suppresses further electrolyte decompo-
sition, thereby limiting SEI growth. In contrast to the normal SEI
layer, the SEI layer that forms with deposited Mn allows additional
electrolyte decomposition over repeated cycles, showing a thicker
SEI layer after the 25th cycle (Fig. 4d) than after the 1st cycle (Fig
4c). The instability of the SEI layer due to the deposited Mn leads
to the continuous growth of the SEI layer during cycling. As
mentioned earlier, it is quite likely that the Mn compounds
deposited in the SEI layer act as oxidation catalysts, promoting
further electrolyte decomposition. As shown in the depth profile of
the SEI layer that forms in the presence of Mn-containing electro-
lyte after the 25th cycle, a considerable amount of oxygen-
containing products are deeply distributed throughout the outer
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part of SEI layer. This supports the possibility that deposited Mn
compounds catalyze the decomposition of organic compounds.

The increase in SEI thickness due to Mn deposition is also
confirmed by AFM measurements. Fig. 5 shows the changes in the
AFM height and friction images on a HOPG cycled in Mn-free
electrolyte. Non-uniform particle-like precipitates (SEI layer) form
on the flat HOPG surface after cycling, which is consistent with the
results of other studies [2,14,15]. In the lateral (friction) signals, the
non-uniform friction image after cycling also indicates that the SEI
layer completely covers the HOPG surface. After scraping the layer
off using several repeated scans, the height and friction images of
the scraped area become almost uniform, indicating that the HOPG
surface is fully exposed. The thickness of the SEI layer is estimated
from the difference in height between the scratched and
unscratched areas (Fig. 6). Due to the roughness of the SEI layer, the
20 scan lines in the dotted square area of the height image were
averaged to get the average SEI height profile. It seems that the hills
observed near the left and right of the scraped area are formed by
the accumulation of material from the SEI layer removed during the
scratching process. The thickness of the SEI layer formed in the
presence of Mn-containing electrolyte is estimated to be roughly
45 nm, while the SEI layer formed in the presence of the Mn-free
electrolyte has a thickness of about 30 nm. This implies that
deposited Mn promotes electrolyte decomposition, resulting in a
thicker SEI layer, which is consistent with the result obtained using
XPS depth profiles.

In order to further investigate the changes in SEI composition
resulting from the deposited Mn compounds, high-resolution XPS
spectra after the 25th cycle are compared (Fig. 7). In the C 1s
spectra, the peak at 284.3 eV, assigned to graphite, is not observed,
indicating that the HOPG surface is fully covered by the SEI layer.
The C 1s spectra can be deconvoluted into threemain peaks with an
additional shoulder. The first peak, at 285.0 eV, is attributed to
intrinsic hydrocarbons and alkane products (CeC and CeH bonds)
[29,30]. The second peak, at 286.3 eV with a small shoulder at
287.3 eV, could be assigned to ether carbons within the oligomeric
polyethylene oxide (PEO) species (eCH2eCH2eOe)n and the
lithium alkyl carbonates (ROCO2Li). The presence of PEO and
Fig. 7. C 1s, F 1s, and P 2p XPS spectra of HOPGs cycled 25 times w
ROCO2Li in the SEI layer has beenwidely described in the literature
[27e32]. The third peak, at 289.5 eV, which corresponds to eCO3e

bonds, is associated with carbonate species such as lithium car-
bonate (Li2CO3) and lithium alkyl carbonate (ROCO2Li) [27e32]. In
the Mn-containing cell, this peak may also be associated with
manganese carbonate (MnCO3), whichmay have been deposited on
the anode. Unfortunately, it is difficult to verify the presence of
MnCO3, since the peak at 289.5 V is relatively weak and broad.
Based on the analysis of the C 1s spectra, the SEI species that form in
the Mn-containing electrolyte are similar to those that form in the
Mn-free electrolyte. However, the relatively high intensity is seen
in the 286e287 eV region of the XPS spectrum of the sample cycled
in the presence of the Mn-containing electrolyte, compared with
the sample cycled in the Mn-free electrolyte. This result indicates
that a considerable amount of organic species, such as PEO and
ROCO2Li, are formed during cycling in the Mn-containing cell. The
increase of these compounds explains the formation of the oxygen-
rich SEI layer in the Mn-containing cell, which is shown in Figs. 3
and 4. Thus, these results provide additional evidence that the
deposition of Mn compounds induces a greater amount of organic
compound decomposition.

Noticeable differences are also observed in the F 1s and the P 2p
spectra of the Mn-free and the Mn-containing samples. The F 1s
spectra show that the SEI layers of both samples are composed of
salt decomposition products, such as LixPFy and/or LixPFyOz

(687.4 eV), and LiF (685.4 eV) [29]. The dominant peak from the
sample cycled in the presence of the Mn-containing electrolyte is
broadened and shifted to a higher binding energy (685.9 eV). This is
also observed in the sample cycled in the presence of the Mn-free
electrolyte. The broadened and shifted peak might be attributed
to the presence of an additional compound near the peak at
685.9 eV. We suspect that the formation of MnF2 might contribute
to this shifting and broadening of the dominant peak. The P 2p
spectra of both samples show two distinct peaks at 137.3 eV and
134.2 eV, regardless of the presence of deposited Mn. The peak at
137.3 eV can be assigned to an insoluble PeF compound (LixPFy).
The peak at 134.2 eV can be associated with LixPFyOz compounds
such as Li2PFO3 LiPOF2, and/or phosphate compounds such as
ith: (a) Mn-free electrolyte and (b) Mn-containing electrolyte.
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phosphate-ending PEO oligomer species [29e31]. The sample
cycled in the Mn-containing electrolyte shows that the intensity of
the peak at 134.2 eV increases relative to that of the peak at
137.3 eV. The increase in peak intensity at 134.2 eV indicates that
more decomposition products of LiPF6 are produced in the presence
of the deposition of Mn compounds. This observation is similar to
the results from samples cycled at high temperatures [29]. It has
been reported that LiPF6 decomposition considerably increases at
high temperatures. In addition, the reaction between highly reac-
tive PF5 and solvents produces some polymeric species [29,33]. It
seems that the deposition of Mn compounds causes LiPF6 insta-
bility, which could be another mechanism by which polymeric
species are generated.

3.3. Identification of the Mn compounds that are deposited on the
anode

To positively identify the Mn compounds that are deposited on
the anode, a high concentration of Mn ions was dissolved in the
electrolyte. As shown in Fig. 8, the amount of Mn compounds
deposited increases as the concentration of Mn ions in the elec-
trolyte increases. When the electrolyte contains Mn ions at a con-
centration of 200 ppm, the intensity of the peak corresponding to
Fig. 8. XPS survey spectra of negative electrodes after the 1st cycle in the presence of
electrolytes containing Mn ions at concentrations of: (a) 200 ppm, (b) 1000 ppm, and
(c) 2500 ppm.
Mn is extremely low (almost invisible in the survey spectrum).
Therefore, a considerably long scan time is required to detect the
Mn signal in the core spectrum. The insufficient intensity of the Mn
spectra may cause misinterpretation of the chemical state of the
manganese species deposited on the anode, since determination of
the position of the Mn 2p3/2 peak is confusing in the Mn 2p spec-
trum. Due to blurred signals in the XPS spectra caused by the small
amount of Mn deposited on the anode, previous studies have
experienced difficulties in conclusively identifying the deposited
Mn compound [11,13,19]. With a high concentration of dissolved
Mn-ions (around 2500 ppm) in the electrolyte, the relative con-
centration of the elementMn on the anode surface is determined to
be 2.2%, showing a clear Mn signal in the survey spectrum. The
multiplet splitting of Mn 2p and Mn 3s peaks, in addition to the
position of the Mn 2p3/2 peak are analyzed in an attempt to confirm
the chemical state of the deposited Mn.

It is believed that the dissolvedMn-ionsmay be reduced to form
Mn metal during the deposition because of the standard redox
potential of the Mn to Mn(k) transition (1.87 V vs. Li/Liþ). To assess
the electrochemical reduction of Mn-ions driven by the lowered
potential, the cell is charged to 1.0 V, which is below the redox
potential 1.87 V, and then kept at this potential for 24 h. To prevent
the influence of solvent reductions on the deposition of Mn, the cell
is not charged below 1.0 V. It is commonly known that solvent
reduction begins near 0.8 V. Under this condition, which favors
reduction at the anode surface, MnF2 is mainly formed; metallic Mn
is not deposited on the anode surface (Fig. 9). The asymmetry of the
dominant peak (685.3 eV) in the F 1s spectrum (Fig. 9 (a)) may be
due to contributions from both LiF and MnF2 (near 685.8 eV)
formed on the surface. The formation of MnF2 is also supported by
analyses of the Mn 2p and Mn 3s spectra. In the Mn 2p core
spectrum, the peak maximum of Mn 2p3/2 is observed at around
642.9 eV, which is very close to the maxima found in our reference
MnF2 (643 eV) and in other reports (642.7, 642.8 eV) [34,35]. This
peak position is far from that expected for metallic Mn (639.2 eV)
and clearly higher than those observed for other Mn compounds,
such as MnO (641.5, 641.7 eV) and MnCO3 (642 eV) [34e36]. In
addition, the multiplet splitting of the Mn 2p peak, which is the
difference in binding energy between the Mn 2p1/2 and the Mn 2p3/

2, is 12.2 eV. The observed value is higher than the values found in
metallic Mn (11.0 eV) andMnO (11.6 eV) [37,38]. The observed value
is similar to the values found for MnCO3 (12.2 eV) and MnF2
(12.1 eV), which are measured in our reference samples. The
presence of MnF2 on the surface is further confirmed by the
observedmultiplet splitting of theMn 3s (6.5 eV) peak, which is the
same as the values measured for the reference MnF2 (6.5 eV) in this
study and close to the values found in previous reports (6.3, 6.5 eV)
[35,39]. The observed multiplet splitting of the Mn 3s peak is
significantly different than the value observed for metallic Mn
(3.7 eV) [40]. The measured reference MnCO3 shows a lower value
(6.1 eV) and the values reported for other possible Mn compounds,
such as MnO (5.5 eV), Mn2O3 (5.4 eV), and MnO2 (4.6 eV), are
considerably lower than the observed value (6.5 eV) [35]. Based on
these observations, we believe that the majority of Mn is deposited
in the form of MnF2 particles, not metallic Mn. Our observation of
MnF2 formation is consistent with the results of a recent study [21].
They used TEM images to demonstrate that MnF2 nanoparticles
were formed at the graphite/electrolyte interface. However, it is
possible that small amounts of the metallic Mn and other Mn
compounds, such as MnCO3 and the MnO, exist on the anode sur-
face, as suggested by other researchers [9,14,20]. Note that the
formation of Mn metal is mainly detected in the LiClO4-based cells,
as summarized in Table 1. This suggests that Mn metal might be
formed predominantly in LiClO4-based cells, rather than LiPF6-
based cells. In LiPF6-based cells, MnF2 compounds, which play the



Fig. 9. F 1s, Mn 2p, Mn 3s spectra of composite electrodes held for 24 h at (a) 1.0 V during the 1st charge (i.e., reductive condition at the anode) and (b) 2.5 V during the 1st discharge
after the potential is held at 1.0 V (i.e., oxidative condition at the anode).

Fig. 10. Changes in the F 1s spectrum of LiF after soaking in an electrolyte with or
without Mn ions.
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role of an electric insulator, seem to be formed initially on the
surface, suppressing the further formation of metallic Mn on the
surface [21].

To construct conditions favorable for oxidation at the anode
surface, the cell is charged and held at 1.0 V, and then discharged
and kept at 2.5 V, which is higher than the standard redox potential
of Mn/Mn(k). As shown in Fig. 9 (b), the MnF2 that forms is not
changed significantly, due to the oxidative conditions at the anode.
This result indicates that the formation of MnF2 on the anode sur-
face is an irreversible reaction. It seems that the deposition of Mn
ions and the formation of Mn compounds are not significantly
affected by redox reactions or anode potentials, as suggested by a
recent study [16]. They proposed that a metathesis reaction occurs
between Mn ions and species in the SEI layer at the anode surface
during Mn deposition, rather than a reduction reaction. Consistent
with the study, we speculate that LiF in the SEI layer can react with
the Mn2þ ions to form MnF2 according to the following reactions:

LiPF64LiFðsÞ þ PF5 (1)

2LiFþMn2þ/MnF2 þ 2Li (2)

Alternatively, MnF2 can be formed due to the acid HF environ-
ment. It has been suggested that the acid HF is considered as the
main reason for MnF2 formation on the cathode. The mechanism of
MnF2 formation on the cathode is as follows [41]:

2LiMn2O4 þ 4HF/3MnO2 þMnF2 þ 2LiFþ 2H2O (3)

In a similar manner, the formation of MnF2 can occur at the
anode according to the following series of reactions:

LiPF64LiFðsÞ þ PF5 (4)

PF5 þ H2O/POF3 þ 2HF (5)

2HFþMn2þ/MnF2 þ H2 (6)

Thus, we believe that MnF2 formation is caused by either ion-
exchange reactions or the reactions of HF with Mn ions.
3.4. Mechanism of the formation of Mn compounds on the graphite
anode

Two potential mechanisms of MnF2 formation were introduced
in the previous section. One involves ion-exchange reactions with
Mn ions, and the other involves the reaction of HF with Mn ions. To
elucidate the mechanism of the formation of Mn compounds, LiF
and Li2CO3, which are known to be the main SEI products that form
on the anode, were immersed in the Mn-containing electrolyte. To
exclude the possibility of the HF-induced reaction mechanism, we
used LiClO4 and Mn(ClO4)2 salts, instead of LiPF6 and Mn(PF6)2 salts
in the electrolyte. Fig. 10 shows that LiF powder (685.3 eV in F 1s
spectrum) does not change its binding energy in the presence of a
normal electrolyte. The intensity of the LiF in the electrolyte is
slightly reduced compared with that of bare LiF, since the residual
solvents and decomposition products cover the LiF powder. How-
ever, the peak associated with LiF is shifted to higher binding en-
ergy (685.8 eV) in the Mn-containing electrolyte. The peak
observed at the higher binding energy can be explained by the fact
that the fluorine is bonded to manganese, which has a higher
electronegativity than lithium. This result indicates that LiF reacts



Fig. 11. Comparison of the Mn 2p spectra of (a) LiF soaked in Mn-containing electrolyte
and (b) a reference sample of MnF2.
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with Mn ions in the electrolyte, forming MnF2. The formation of
MnF2 is confirmed by the Mn 2p spectrum shown in Fig. 11. The Mn
2p spectrum of LiF soaked in the Mn-containing electrolyte is very
similar to that of the reference MnF2 compound. It suggests that a
portion of the LiF is converted to MnF2. Note that the peak intensity
in the F 1s spectrum (Fig. 10) decreases more in the Mn-containing
electrolyte than in the normal electrolyte. This may indicate that
the process responsible for the formation of MnF2 promotes further
solvent decomposition. In conclusion, it is clear that the ion-
exchange phenomenon happens between the LiF that forms in
the SEI layer and dissolved Mn ions at the graphite/electrolyte
interface and that further solvent decomposition can occur during
the reaction process.

Soaking Li2CO3 powders in Mn-free electrolyte and in Mn-
containing electrolyte allows further examination of this mecha-
nism. As shown in Fig. 12, the peak associated with the bare Li2CO3
Fig. 12. Changes in the O 1s spectrum of Li2CO3 after soaking in an electrolyte with or
without Mn ions.
is located at 531.6 eV in the O 1s spectrum. The Li2CO3 powder
soaked in the Mn-free electrolyte has a dominant peak (533.5 eV)
with a small shoulder (531.5e532.5 eV). The shoulder can be
assigned to Li2CO3, while the peak at 533.5 eV corresponds to
carbonate esters (ROCO2R0) that originate from solvent residues
and decomposition products, such as lithium alkyl carbonate spe-
cies. The strong peak is shifted to lower binding energy (533 eV) in
the presence of Mn ions in the electrolyte. This may result from an
additional contribution from MnCO3 (532.2 eV), which has a
slightly higher binding energy than Li2CO3 (531.6 eV) [42]. As in the
case of LiF, the reduced intensity of the dominant peak is also
observed. The Mn 2p spectrum supports the formation of MnCO3.
The Mn 2p spectrum collected from the Li2CO3 powder soaked in
the Mn-containing electroltye resembles that of reference MnCO3,
as shown in Fig. 13. The Mn 2p3/2 peak maximum is located at
approximately 642 eV, showing multiplet splitting of 12.2 eV. In
addition, the presence of two satellite peaks near both the Mn 2p3/2
and 2p1/2 (marked as S in Fig. 13) is very similar to the satellite
structure of the reference MnCO3. Satellite structure is an impor-
tant factor that has been used to identify Mn chemical states. The
spectrum of MnO has satellite peaks associated with both the Mn
2p3/2 and Mn 2p1/2 peaks, while the spectra of Mn2O3 and MnO2
have satellite peaks associated with only their Mn 2p1/2 peaks [38].
Although MnO has also two satellite peaks associated with its Mn
2p3/2 and Mn 2p1/2 peaks, the peak positions of Mn 2p3/2 (640.6 eV)
and O 1s (529.6 eV) are much lower than those of MnCO3 [38]. This
clearly indicates that the observed Mn 2p spectrum corresponds to
that of MnCO3, not MnO. Thus, the results show that the Li2CO3 is
partially converted to MnCO3 through the ion-exchange reaction.

Based on these findings, we propose that reactions can occur
Fig. 13. Comparison of the Mn 2p spectra of (a) Li2CO3 soaked in Mn-containing
electrolyte and (b) a reference sample of MnCO3.
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between inorganic species and dissolved Mn ions, transforming SEI
species into diverse Mn compounds, such as MnF2 and MnCO3.
During the reaction process, additional decompositions of the
electrolyte may take place at the anode/electrolyte interface.

3.5. Spatial distribution of deposited Mn compounds at the
graphite/electrolyte interface

In order to gain further information about the interactions of
dissolved Mn ions at the anode/electrolyte interface, it is necessary
to understand how the deposited Mn is distributed at the anode/
electrolyte interface. Fig. 14 shows the depth profile of the aged
anode, revealing the distribution of Mn element throughout the
graphite/electrolyte interface. The Mn profile shows that Mn is not
uniformly distributed at the graphite/electrolyte interface. A small
amount of the Mn is observed at the top surface of the interface,
indicating that the deposition of dissolved Mn ions is not severe in
the region of the porous organic layer. Mn reaches its maximum
after about 60 min of Ar-ion sputtering, at which point the graphite
anode starts to appear, as evidenced by a sharp increase in carbon.
This result suggests that the dissolved Mn ions are mostly depos-
ited near the inorganic layer/graphite interface, suggesting that the
inorganic layer can be significantly affected by the dissolved Mn
ions. It seems that the dissolved Mn ions easily diffuse through the
porous organic SEI layer and interact with the inorganic species,
possibly as a result of the ion-exchange mechanism, as evidenced
by previous results. The tendency of Mn accumulation at the
inorganic layer/graphite interfacial regions is consistent with the
results observed in aged commercial cells [11]. The diffusion of
lithium ions may be more hindered by the deposition of inorganic
Mn compounds, such as MnF2 and MnCO3, which can limit the
capacity of the Li-ion battery. Note that Mn is still observable at the
end of sputtering, at which point the graphite surface is almost fully
exposed by removal of the SEI layer. The small amount of Mn that
can be detected inside the graphite suggests that dissolvedMn ions
may co-intercalate or move into the graphite interlayer via either
defects in the SEI layer or cracks in the graphite. It has been recently
observed that Mn nanoparticles are present within cracks in the
graphite, suggesting that Mn compounds can be deposited inter-
nally [21]. In addition, surface structural disordering in the graphite
due to deposition of iron has been observed [43]. Although the
observed Mn content may be associated with an artifact of the
Fig. 14. XPS depth profile of a composite electrode stored for one month after 5 cycles
in Mn-containing electrolyte. The inset contains an enlargement of the profile of the
Mn element.
sputtering process that can cause the re-deposition of sputtered
Mn, there is a strong possibility that Mn ions are deposited at the
interlayer spaces between graphene layers or cracks in graphite,
which may inhibit the contraction and expansion of the graphite
during the intercalation/deintercalation process. The structural
disorder of the graphite due to Mn deposition and its effects are
currently under investigation.

4. Conclusions

Deterioration of the SEI layer due to the deposition of dissolved
Mn ions significantly contributes to the degradation of Li-ion bat-
tery capacity. In this work, the chemical degradation of the SEI layer
induced by dissolved Mn ions and its mechanism has been sys-
tematically investigated using XPS and AFM. The chemical
composition of the SEI layer formed in the presence of dissolvedMn
ions shows a more oxygen-rich layer. This layer originates from an
increased amount of organic/polymeric species that result from
additional electrolyte decompositions catalyzed by Mn deposition
and interaction processes of the dissolved Mn ions. XPS and AFM
measurements revealed that SEI growth is accelerated by the
deposition of dissolved Mn ions, showing a thicker SEI layer on the
graphite anode. The dissolved Mn ions easily diffuse through the
porous SEI layer and mostly deposit at the inorganic layer/graphite
interface, where the Mn ions interact with inorganic SEI species via
the ion-exchange mechanism. The main Mn compound formed on
the anode surface is identified as MnF2, which is not much affected
by reductive/oxidative conditions. The dissolved Mn ions may
diffuse or co-intercalate into graphite through both defects in the
SEI layer and cracks in the graphite, which might cause the surface
structural disordering in graphite.

The findings from this work deepen our understanding of SEI
degradation mechanisms at elevated temperatures. Both the high
temperature itself and the increased deposition of dissolved Mn-
ions, which is driven by elevated temperatures, significantly affect
the instability of the SEI layer. Improving the stability of the SEI
layer at elevated temperatures will require strategies that suppress
the interaction of dissolved Mn ions with the SEI layer, as well as
the development of a thermally stable SEI layer.
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