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ABSTRACT: We demonstrate herein that Mn** and not
Mn>", as commonly accepted, is the dominant dissolved
manganese cation in LiPFg-based electrolyte solutions of
Li-ion batteries with lithium manganate spinel positive and
graphite negative electrodes chemistry. The Mn** fractions
in solution, derived from a combined analysis of electron
paramagnetic resonance and inductively coupled plasma
spectroscopy data, are ~80% for either fully discharged
(3.0 V hold) or fully charged (4.2 V hold) cells, and ~60%
for galvanostatically cycled cells. These findings agree with
the average oxidation state of dissolved Mn ions
determined from X-ray absorption near-edge spectroscopy
data, as verified through a speciation diagram analysis. We
also show that the fractions of Mn** in the aprotic
nonaqueous electrolyte solution are constant over the
duration of our experiments and that disproportionation of
Mn®" occurs at a very slow rate.

he prospects for dire consequences from global warming'

spurred the development of battery-enhanced vehicles
(XEVs) over the past 25 years. It is now clear that minimizing
the pollution by automotive transportation must be based on
Li-ion battery (LIB) technology,” also that the near- and
medium-term XEV goals can only be achieved by a few
materials: silicon—carbon composites and a subset of mixed
transition metal (TM) oxides, respectively for negative and
positive electrodes.”™® All TM oxides suffer from TM ions’
dissolution, which is particularly acute at high temperatures and
for materials with spinel structure, and results in reduced power
performance as well as diminished charging/discharging
capacity, hence a shortened battery life.”””

Lithium manganate spinel (Li,Mn,0,, ak.a. LMO)—graphite
cells with LiPF, electrolyte solutions in organic carbonates are
an ideal model system for studying the fundamental aspects of
TM dissolution. The main mitigation measures proposed for
the Mn dissolution issue to date are cation and anion
substitutions in the LMO lattice,”®'° surface coaltingsu'12 and
HF scavenging molecules."”'* None proved 100% effective. We
hence proposed and showed that multifunctional (TM cation
trapping, HF scavenging, and alkali metal ions dispensing)
separators significantly improve the capacity retention in
LMO~—graphite cells during high-temperature cycling,">~"*
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Because the cation trapping efficiency depends both on the
nature of the chelating material and on the cation charge,18 a
knowledge of the TM ions’ oxidation state in the electrolyte
solution is essential for maximizing the LIB performance
benefits conferred by these separators. Our work at this stage
does not address any mechanisms for surface reactions or side
reactions that cathodes may undergo during battery operation.
We explore herein only the identity of relevant Mn ions that
exist in the electrolyte solutions, in order to match them with
the most effective trapping agents.

The disproportionation of Mn** ions in LMO (2Mn** &
Mn** + Mn*) with subsequent dissolution of Mn>" ions into
an aqueous acidic medium was first reported by Hunter in
1981."” Thackeray adopted this concept in 1994 and applied it
to the LIB context.'” However, such an extrapolation, from
behavior in an aqueous solution to that in aprotic organic
solvents lacks adequate backing by experimental data. Never-
theless, this uncontrolled transfer of concepts laid the
foundation of the conceptual framework for the problem of
Mn dissolution in LIBs for more than two decades. Several
explanations for the Mn dissolution from LMO, all related to
the disproportionation reaction were proposed over the
years.”””~** Note that Tarascon et al.*’ clearly stated a long
time ago that the existence of Mn®" in electrolyte solutions of
LIBs is merely the most plausible hypothesis regarding the
identity of the main dissolved Mn species, based on the
behavior of Mn cations in aqueous solutions. (Ref 23
specifically states: “Even if the true composition of the soluble
species is not known, it is reasonable to assume a Mn**-based
species, because Mn" is the usual form of soluble manganese.”)
Still, a vast number of papers report various results pertaining
to manganese ions in/on the negative or positive electrodes
from LMO-containing cells, while merely assuming that Mn*" is
the sole dissolved species in the electrolyte solution. (See refs
24—29 for a sampling from the past four years.) In contrast, we
know of only three previous studies aiming to determine the
oxidation state of Mn ions in a Li-ion battery electrolyte
solution.”™** Because a thorough investigation of Mn ions in a
major LIB component (the electrolyte solution) was largely
ignored, it is perhaps not surprising that the problem of Mn
dissolution in Li-ion cells is still surrounded by controversy. Ref
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30 concludes that that Mn®*" is the main species in the
electrolyte solution. In contrast, our previous results®"*> cast
doubt on this conclusion. Although challenging the prevailing
view regarding the oxidation state of Mn ions in LIB electrolyte
solutions, refs 31 and 32 nevertheless present independent
results obtained with similar but not identical electrode
materials. Furthermore, the use of solid calibration standards
for generating a calibration line for the average oxidation state
<OS> vs relative Mn K-edge position in X-ray absorption near-
edge spectroscopy (XANES) data raises some valid questions
regarding the reliability of the conclusions from ref 31.

Herein we provide proof that Mn** and not Mn®', as
commonly accepted, is the main soluble Mn ion species in the
electrolyte solutions of LMO-—graphite cells. We use a
combined analysis of electronic paramagnetic resonance
(EPR) plus inductively coupled plasma (ICP) spectroscopies””
and XANES measurements to determine, respectively, the
fraction of Mn®* cations and their <OS> in electrolyte samples
from identical LMO—graphite cells. In contrast to ref 31, we
use an <OS> vs relative Mn K-edge position calibration line
based on liquid oxidation state standards, thus removing some
questions regarding the reliability of the XANES data analysis.
We then demonstrate the consistency of the two sets of results
through a speciation diagram analysis.

The electrolyte solution samples from the present study were
a 1 M LiPF; solution in a 1:1 v/v binary mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC), harvested
from LMO—graphite cells after durations of 1 to 6 weeks, from
one of the following electrochemical tests at 60 °C: (1)
potential hold at 4.2 V (fully charged state); (2) potential hold
at 3.0 V (fully discharged state); and (3) cycling at a current
density corresponding to 5 h charging or discharging durations,
between 3.0 and 4.2 V. EPR, ICP and XANES measurements
were then performed on the Mn cations dissolved into each
solution. Further details on cell assembly, electrochemical
testing and cell disassembly, also EPR, ICP and XANES
measurement procedures are provided in the Supporting
Information.

Typical X-band EPR responses from Mn cations in the
electrolyte solution are exemplified with data for the 4.2 V hold
in Figure la. (See Figure S1 for the corresponding data for the
3.0 V hold and cycling experiments.) Figure 1a displays a sextet
of hyperfine interaction lines, i.e., the signature for the EPR
response from both Mn?* and Mn*" cations. The sextet results
from the interaction of the **Mn nucleus (having a 3d°
electronic configuration with total spin S = 5/2) with the
unpaired electrons.”> Because the gyromagnetic factor of
2.0244 + 0.0001 derived from the EPR data shown in Figures
la and S1 corresponds to that for Mn®>" within a 0.005%
uncertainty, one may conclude that the fraction of Mn*" in the
electrolyte solutions from all tested cells is zero. The next step
in our analysis is to establish the correlation between the
integrated EPR spectra (i.e., the doubly integrated EPR signal)
and the total Mn amounts determined by ICP in a set of Mn*"
calibration samples with known Mn?* amounts and then
compare it against the same correlation for electrolyte solutions
harvested from cells at the end of each test, as shown in Figure
Ib. It is clear that the data points for the Mn ions in the
electrolyte solution from all three tests fall well below the
correlation line for the Mn>" calibration solutions, indicative of
the presence of Mn*', which is silent in EPR measurements.
Constant Mn?* fractions of ~80% exist in the electrolyte
solution from either fully discharged (3.0 V hold) or fully
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Figure 1. (a) EPR signals for electrolyte solutions from LMO-—
graphite cells subjected to 4.2 V holds for up to 6 weeks. (The spectra
were shifted along the y-axis for legibility.) (b) Correlation between
integrated EPR spectra and the total Mn determined by ICP. (c)
Fraction of Mn®* in the electrolyte solutions from cells subjected to
cycling or potential holds at 60 °C.

charged (4.2 V hold) cells, and of ~60% in that from cycled
cells, over the 6 weeks duration of each test, as shown in Figure
lc. Thus, although Mn?* is the dominant Mn species in the
solution, different operating protocols (cycling vs hold at low or
high potentials) lead to different fractions of Mn®* ions. This is
likely due to the change in the relative abundances of Mn** and
Mn?" in the near-surface layers of LMO with state of charge
and is currently still under investigation. Explaining these
differences requires work that is beyond the scope of this
communication.

We now address the issue of the Mn®* disproportionation in
the electrolyte solution. Hunter** showed that disproportiona-
tion of Mn*" occurs in LMO when in contact with an acid
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aqueous solution over a pH range of 1 to 5, followed by the
dissolution of Mn>" ions. The LiPF; electrolyte solution in a
LIB is slightly acidic, due to trace amounts of HF and the Lewis
acid PFs. Mn®* could therefore disproportionate, to form Mn**
and Mn*". To investigate the disproportionation tendency of
Mn?" cations in aprotic organic solvents and electrolyte
solutions, we carried out experiments with Mn(IIl) acetate
salt solutions in EC-DMC (1:1) and in 1 M LiPF,/EC-DMC
(1:1). Mn*" fractions were determined at room temperature
(30 °C) by the EPR+ICP methodology in the as-prepared
solutions, as well as after 1 and 3 months long stands. (For
details, see Figures S2 and S3.) Neither Mn** nor Mn*" were
detected over a period 3 months in the Mn(IIl) acetate/
EC:DMC solution. On the other hand, slow disproportionation
was observed for Mn(III) acetate in 1 M LiPF,/EC:DMC (1:1
v/v), with 97%, 88% and 83% of the initial Mn>" present,
respectively, 15 min subsequent to preparation, and after 1
month and 3 months long stands. Thus, disproportionation of
Mn>* does indeed occur in the LiPF solution, albeit at a rather
small rate. In contrast, the Mn>* fractions in the electrolyte
solutions from the three tests were practically constant over the
6 weeks duration of the electrochemical experiments (Figure
lc), with no evidence for Mn*" present. Because Mn*" is a
strong oxidizer, it is likely to oxidize solvent molecules very
rapidly and thus be reduced to Mn*" before accumulating in
amounts large enough to be detectable by EPR. Nonetheless,
the amount of Mn** would steadily decrease over time if
disproportionation were to occur with any significant rate. It is
therefore necessary to inquire into mechanisms at play in
LMO-—graphite cells that counteract disproportionation, to
keep the Mn®* fraction constant. Possible stabilization
mechanisms for the Mn** concentration are being investigated
with computational modeling at present. Further clues
regarding the source for the large fraction of Mn*" in our
experiments may come from the work of Tang et al,”® who
report the formation of a Mn;0, spinel surface phase in LMO,
a result confirmed by Amos and co-workers.”

Figure 2a displays XANES spectra for electrolyte filled
separators from cells subjected to the three electrochemical
tests, together with spectra for three oxidation state calibration
standards (Mn°® metal, Mn?** and Mn>* fluoride solutions in
EC:DMC 1:1 v/v). The oxidation state of Mn ions in the
electrolyte-filled separators exceeds +2 and is smaller than +3,
as can be readily seen from the relative positions of the rising
part of the main peak in the spectra. The positon of the Mn K-
edge in all three electrolyte samples (as determined from the
maxima in the first derivative du/dE) is shown in Figure 2b.
The positions of the maxima in du/dE for the three calibration
standards were used for generating the <OS> vs E
calibration line displayed in Figure 2c. We find an average
oxidation state of +2.6 + 0.2 for Mn ions in the electrolyte
solution, irrespective of test type. (More details regarding the
XANES methodology can be found in the Supporting
Information.)

A speciation diagram analysis (Figure 3) was conducted for
the Mn ions in the electrolyte solutions, based on the eqs 2x, +
3x; + 4x, = <OS> and x, + x; + x4 = 1 (where x,, x; and x, are,
respectively, the atomic fractions of Mn*', Mn** and Mn*").
The speciation diagram indicates that the values derived for the
Mn?" fraction through the EPR+ICP analysis and the <OS>
derived from the XANES data are compatible with the
following cation compositions: (x,, x5, x,) €{(0.2, 0.8, 0),
(0.3, 0.6, 0.1), (0.4, 0.6, 0)}. However, because the values for
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Figure 2. (a) XANES spectra for electrolyte-filled separators from
three tested cells and three oxidation state standards (Mn metal mesh;
Mn?* and Mn*" fluoride solutions in EC:DMC 1:1). (b) First
derivative of the XANES spectra with respect to energy. (c)
Determining the average oxidation state of the Mn ions in electrolyte
solutions from cells subjected to electrochemical tests. The red square
marks three overlapping data points from three distinct measurements.
Calibration line equation: <OS> = 0.03412 + 0.260S E;, R* = 0.997.

the gyromagnetic factor derived from the EPR measurements
correspond exactly to that of Mn*" ions, one has x, = 0, hence
(0.3, 0.6, 0.1) must be rejected as a possible composition.

In conclusion, the combined ICP+EPR and XANES
methodologies show unambiguously that Mn*" is the major
species in the LiPF, electrolyte solution and that its amounts
depends on the electrochemical test conditions. The observed
differences may result from the combined effect of the relative
solubility of Mn®* and Mn** ions in the electrolyte solution, and
from changes in their relative abundance in LMO with state of
charge. We hypothesize that the greater solvation stability of
Mn** over Mn** overcomes the slow disproportionation
tendency of the former, resulting in Mn® being the dominant
Mn ion in solution. Our results contradict the conventional
description, which depicts Mn>* as sole electrolyte soluble
species. Furthermore, our findings call into question Mn®"
disproportionation as a major mechanism for the manganese
cations’ dissolution from LMO, perhaps also from other Mn-
rich positive electrode materials for LIBs with spinel phases.
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Figure 3. Ternary speciation diagram for Mn cations in the electrolyte
solution, displaying the <OS> = +2.6 and <OS> = +2.8 lines. The two
dots mark the compositions that are consistent with all the EPR+ICP
and XANES results. The colored interrupted and dotted lines ending
with an arrow are guides for reading the diagram. The “X” symbol and
dotted lines mark the rejected speciation, because the EPR data show
that x, = 0.
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