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Effect of excess lithium in LiMn20sand Li1.1sMn1gs504 electrodes revealed by
guantitative analysis of soft X-ray absorption spectroscopy
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Stephen J. Harris,? Feng Pan, " and Wanli Yang 2~

L School of Advanced Materials, Peking University, Shenzhen Graduate School, Shenzhen 518055, People’s Republic of
China

2 Advanced Light Source, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley CA 94720, United
States

3 Environmental Energy Technologies Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley

CA 94720, United States

We performed a comparative study of the soft x-ray absorption spectroscopy of the LiMn,Osand Li1.1sMn1s04 electrode
materials with a quantitative analysis of the Mn oxidation states. The revealed redox evolution of Mn upon the
electrochemical cycling clarifies the effect of the excess Li in the materials, which naturally explains the different
electrochemical performance. The spectral analysis perfectly agrees with the different initial cycling capacities of the two
materials. The results show unambiguously that Mn®* starts to dominate the electrode surface after only one cycle. More
importantly, the data show that, while LiMn,O4 electrodes follow the nominal Mn redox evolution, the formation of Mn3* on
the electrode surface is largely retarded for the Li1.1sMn1gsO4 during most of the electrochemical process. Such a different
surface Mn redox behavior leads to differences in the detrimental effects of Mn?* formation on the surface, which is observed
directly after only two cycles. Our results provide strong evidence that a key effect of the (bulk) excess Li doping is actually

due to processes on the electrode surfaces.

Lithium ion batteries (LIBs) have become one of the most important energy storage technologies powering portable
electronic devices and electric vehicles.! Compared with the first generation Co based layered compounds, the spinel
LiMn;O4 (LMO) is an especially promising cathode material for LIBs due to its low cost, environmentally benign chemistry,
thermal stability, and excellent rate performance.?3* However, capacity fading, or low capacity retention, remains a technical
challenge for the commercial use of LMO. The issue is largely related to the evolution of Mn oxidation states during

electrochemical cycling, which has been attributed to a number of factors, such as Jahn-Teller distortion of the Mn** phase,®



Mn?* dissolution into the electrolyte,® and loss of crystalinity.” Due to the disproportionation reaction of Mn®*, Mn?* could
form on the surface of LMO, especially in the presence of organic electrolyte solutions under high potential.2>8 The
dissolution of Mn?*, mainly associated with the presence of an acidic electrolyte,® leads to the loss of active materials, and it
is considered to be the main reason to capacity fade.*° In general, it is widely believed that the problem of LMO electrodes
stems from Mn species with specific valence values that are formed through either electrochemical cycling or surface
reactions. Therefore, a detailed and quantitative study of the Mn valence evolution is critical for understanding the failure
mode of LMO electrodes.

Doping the LMO materials by replacing Mn with low valence cations have been studied extensively. The hope is based
on the stoichiometric consideration that Mn could be maintained at the desired high valence by doping with low-valence
cations, so the detrimental Mn®* and Mn?* species could be suppressed. Among the various approaches, Li-rich Liz+xMny.xO4
(0<x<0.33), i.e., doping with Li, has been demonstrated to suppress dissolution and reduce capacity fade, but with sacrificed
capacity.>**! However, apart from general speculations based on the stoichiometry, there has been no experimental
clarification on the excess Li-doping effect to explain the electrochemical performance.

In this study, we provide soft X-ray spectroscopic results for two LMO systems, Li1.1sMn1.gs04 and LiMn,Oa, with and
without the excess Li doping respectively, at different electrochemical states. We found that excess Li doping effectively
suppresses the Mn®* and Mn?* formation on the surface of the electrode. This information clarifies a key effect of excess Li

and provides useful information for material optimization.

Soft X-ray absorption spectroscopy (sXAS) is a modern synchrotron based technique, providing information on key
electronic states in the vicinity of Fermi level.’? sXAS has been demonstrated to be a powerful tool to study LIB materials,
especially for transition-metal (TM) oxide based cathode materials.®31* sXAS is a direct measurement of the TM 3d states
with high elemental, chemical and orbital sensitivity through the dipole-allowed 2p to 3d transitions. Quantitative analysis of
TM L-edge sXAS, such as Fel>, Mn81317 and Ni'8, provides detailed information about valence,***® spin states,'® and local
structural effects!>!6.1°, of battery materials?. In particular, we have demonstrated that quantitative analysis of the Mn
valence distribution can be achieved reliably through a very straightforward linear combination fitting of the sSXAS data of
battery electrodes®317,

LiMn20, and Li1.15sMn1 8504 cathodes were prepared using commercial materials from EMI/Merck and TODA chemical
companies, respectively. The preparation and characterization of the LiMn,O, and Li115Mn1 8504 electrodes is standard and

provided in the supplementary material. The raw powders, referred to as “pristine” samples in this paper, were compressed



to form a pellet inside an Ar glove box. Battery coin cells were prepared following standard procedure using Al metal
electrodes. The cells were cycled at 0.1C rate and stopped at 1/3, 2/3, and fully delithiated (charged) levels during both the
charging and discharging process for sXAS experiments. A typical electrochemical performance is shown in the
supplementary materials (Figure S1). It is clear that the excess Li doping in Lii.1sMn1 g504 reduces the overall cycling
capacity while greatly improving the capacity retention.

SXAS is performed at the Advanced Light Source’s undulator beamline 8.0.1 of the Lawrence Berkeley National
Laboratory. Its spherical grating monochromator delivers 10'? photons/second with linear polarization with a resolving power
up to 6000%. The experimental resolution of the data presented in this work is 0.15 eV without considering the intrinsic core-
hole broadening. Mn L2353 XAS measurements were collected at room temperature using the surface-sensitive total electron
yield (TEY) mode by measuring the sample drain current with a surface probe depth of about 10 nm. All spectra have been
normalized to the photon flux recorded by a clean gold mesh upstream of the experimental chamber. The raw spectra (Fig. S2
and S3) are normalized using the conventional background edge jump of the regions well below and beyond the L; and L.
absorption edges, respectively. For quantitative fitting, a polynomial background was fitted and subtracted from the raw

spectra to emphasize the features related to oxidation states.

FIG 1(a) and FIG 2(a) show the Mn Ls-edge sXAS results (solid lines) and the fits (dotted lines) for LiMn,O4 and
Li1.1sMn; 8504 electrodes that are electrochemically cycled to the desired state-of-charge (SOC), as marked in Fig. 1(b) and
Fig. 2(b), respectively. Here, we focus on the Mn Ls-edge sXAS lineshape which is sensitive to the different chemical
configurations and oxidation states'4. For comparison purposes, the spectra from pristine powder and materials soaked in HCI
acid are plotted on top. Quantitative fits and analyses of the evolution of the Mn oxidation states is obtained by fitting the
experimental data using a linear combination of three reference spectra of Mn?*(MnO), Mn3*(Mn;03), and Mn**(MnO,), as
shown on the bottom®317, Due to the difficulty of obtaining reliable Mn?* spectra, which is sensitive not only to the
oxidation state but also to the different surface phases,? the spectrum of Mn?* was taken from our previous study,'* which is
consistent with the other work.?® The fitting results (dotted lines in FIG 1(a) and FIG 2(a)) almost perfectly replicate the
experimental data, validating this simple method of quantitative analysis. The fitted values of the Mn oxidation state
concentrations are plotted in FIG 1(c) and FIG 2(c) for LiMn204 and Li1.1sMn1.50a, respectively.

First, for the pristine LiMn,0, and Liz.1sMn; 8504 materials, the theoretical distribution of Mn3*4* is 50%:50% (1:1) and
30%:70% (0.55:1.3) based on the stoichiometric estimation with Li'* and O%. Our fitting values (“P” in FIG 1(c) and FIG

2(c)) are 47%:53% and 30%:70% for LiMn,04 and Li11sMn1g50a4, respectively. These values are in excellent agreement with



the theoretical estimation, and indicate the high precision of this simple fitting method for quantitative analysis. As shown in
the cycling profiles in Fig 1(b) and Fig 2(b), the first charge capacities of LiMn,O4 and Li; 15Mn;.g504 are 146 mAh g* and
94 mAh gt at 0.1C, respectively. The capacity ratio, 146:94 = 1.55, is again in perfect agreement with our fitting results of
the Mn3* content, 47:30 = 1.57, which justifies this fitting method and confirms that the initial electrochemical capacity is
determined by the Mn3* content in the pristine material.

Second, the spectra of both LiMn,O4 and Lij.15Mny 504 soaked with HCI solution show the lineshape of pure Mn** at the
top of Fig 1(a) and Fig 2(a). The effect of acid on LiMn,O, in HCI solution has been studied before. The Mn%* present in
LiMn,O4 undergoes disproportionation to Mn?* and Mn** when exposed to acid: 2LiMn,04(s) + 4H*(aq) — 3MnO,(s) +
Mn?*(aqg) + 2Li*(aqg) + 2H20(aq).*?* Our sXAS spectra indicate that the excess Li doping in spinel electrode materials shows
negligible effect in the term of the surface reactions with acid.

Third, we now focus on the Mn oxidation state evolution at different stages of the electrochemical cycling and the
surprising contrast between the LiMn,O4 and Li115sMn1gs04 electrodes. Overall, the Mn Ls sXAS lineshape evolves with
electrochemical cycling for both LiMn;O4 and Li11sMn1gs04. In FIG 1(a), for the LiMn;O4 electrodes, the intensity of the
Mns* features around 641.3eV decreases with the charge (delithiation) progress, suggesting that the Mn valence changes from
Mn®* to Mn** during the charging process. During discharge, the sXAS lineshape is reversed gradually corresponding to the
lithiation level, i.e., the lineshape of 1/3 (Dis) and 2/3 (Dis) are equivalent to the 1/3 (Cha) and 2/3 (Cha), respectively.
Because sXAS is a surface probe, this gradual recovery of sXAS lineshape indicates that the surface oxidation state of Mn in
LiMn,O4 more or less follows the general lithiation/delithiation process during the electrochemical operation. It is important
to note that the contribution from Mn®* is dramatically higher on the fully discharged electrode surface after only one cycle,
which can be easily seen by comparing the spectra of the discharged and pristine samples. This result will be discussed
separately below.

Contrasting the gradual sXAS lineshape change that follows the nominal lithiation level of the LiMn,O4 electrodes, FIG
2(a), however, displays sXAS spectra of 6 Li115Mn;g504 electrodes, from pristine to the 1/3 (Dis), with very small lineshape
change. Except for the finite amount of Mn3* contribution around 641.3 and 640 eV, all these spectra of the 6 samples show
Mn** features that dominate at 640.5 and 643 eV. This strongly indicates that Mn** dominates the surface of Liy1sMn1 504
before the electrode is fully discharged.

The quantitative fitting of each sXAS spectrum, again, perfectly reproduces the experimental data (dotted lines in
FI1G.1(a) and FI1G.2(a)), and the fitting results are plotted in FIG 1(c) and FIG 2(c) for LiMn204 and Li1.1sMn1.504

electrodes, respectively. The quantified results emphasize the aforementioned contrasts of the SXAS lineshape evolution in
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the two systems. It can be seen that the concentrations of the Mn3* and Mn** follow the nominal delithiation (charge) and
lithiation (discharge) processes for the LiMn,O4 electrodes (Fig. 1(c)), while it remains relatively stable through most of the
charge/discharge process for the Li11sMn; 504 electrodes before the fully discharged state (Fig.2(c)). Such a trend of the
quantitative fitting results is consistent with the overall sSXAS lineshape evolution upon electrochemical cycling.

In the fully discharged stage, the lineshape of Mn®* starts to dominate for both the LiMn,O4 and Li1.1sMny.g504
electrodes. It is obvious that the concentration of Mn3* is much higher than that of the pristine samples (FIG 1 and FIG 2).
Because both the pristine and fully discharged samples are expected to fully lithiated, the obviously different sXAS lineshape
shows that there are dramatic chemical and structural changes on the surface of the spinel electrodes after only one charge-
discharge cycle: Mn3* species dominate the electrode surface at the discharged state.

The importance of Mn3* and the detrimental Mn?* on battery electrode surfaces has been extensively discussed®>2. In
order to emphasize the surface evolution of the spinel materials with only limited number of electrochemical cycles, FIG 3
shows a direct comparison of the Mn L edge sXAS between LiMn,O4 and Li115sMn1.g504 for pristine, discharged after 1cycle,
and discharged after 2 cycles. The peak located at 640.1eV belongs to the Mn?*. It can be seen that the electrode surface is
dominated by the low-valence Mn species after one cycle, as discussed above. Furthermore, the relative intensity of the Mn?*
feature keeps increasing with electrochemical cycling for the LiMn,O, electrodes, but remains negligible for the
Li11sMn1.g504 system, showing a clear contrast between the discharged samples after two cycles. Therefore, our data show
that the excess Li doping not only maintains the high-valence Mn through a large electrochemical cycling window, it also

helps to surpress the low-valence Mn formation on the surface at deep lithiation levels.

In summary, we performed soft x-ray absorption spectroscopy and a quantitative analysis of the Mn oxidation states in
LiMn2Osand Li11sMn; 8504 electrodes upon electrochemical cycling. The analysis clearly shows the relationship between the
initial capacity and the experimental ratio of Mn3*4*, More importantly, we found excess Li doping in the Liz.1sMnygsO4 leads
to the high-valence Mn*" dominated surface within a large electrochemical cycling window, and it also surpresses the
formation of Mn?* on the electrode surface. We believe such surface effects play an important role on regulating the different
electrochemical performance of the two contrasting electrode systems, and provides useful information for further

optimization.

See the supplementary material at [URL will be inserted by AIP] for a full description of the electrode preparation and

the typical electrochemical profile of the two electrodes.
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FIG. 1. (a) Mn Ls-edge sXAS spectra (solid line) of a series of LiMn204 electrodes, and the quantitative fitting (dotted line) through a
simple linear combination of the reference spectra plotted on the bottom. The electrochemical status of the samples are marked in penal b).
(b) The first charge and discharge profile at 0.1C with samples marked. (c) Fitting results of the Mn valence distribution at the
corresponding SOC of LiMn204 electrodes.The samples are marked as the 1/3, 2/3, and fully delithiation (charged) levels during both the
charging and discharging process.
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FIG. 2. (a) Mn Ls-edge sXAS spectra (solid line) of a series of Li115sMn1.8504 electrodes and the quantitative fittings (dotted line). (b) The
first charge and discharge profile at 0.1C with samples marked. (c) Fitting results of the Mn valence distribution at the different SOC of
Li1.15Mn1.850a.
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FIG. 3. Mn L-edge sXAS spectra of three sets of lithiated (discharged) LiMn204 (black) and Li1.1sMn1.8504 (red) samples.
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