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Abstract

Manganese-rich olivine LiFeo33Mnos7PO4 was proven to be an interesting electrode material
for Li-ion batteries. In this paper we focus on its electrode/electrolyte reactivity that could play a
role in aging processes of LiFeo33Mnos7PO4 // graphite cells. Positive and negative electrodes of
LiFeo.33Mno.67PO4 // graphite cells were analyzed by X-Ray Photoelectron Spectroscopy (XPS) at
different steps of the first electrochemical cycle to investigate the influence of the working
potential increase of this material (as compared to LiFePOs4) on the formation of passivation
films at the surface of both electrodes. The higher working potential of LiFe.33Mno.67PO4 causes
an increased reactivity towards the electrolyte with a redox process between Mn*" and carbonates
solvents at the outermost surface of the electrode material. It results in a thicker interface layer
with respect to LiFePOs4. However this interface remains very thin. Some influence on the

passivation film formed at the graphite surface was also evidenced.
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1. Introduction

Li-ion batteries are widely used in portable devices such as cell phones and cameras.
Currently further research on Li-ion batteries mainly aims at developing new systems for urban
transportation (electric or hybrid vehicles) and electrochemical storage of renewable energies.
Several criteria are to take into account when evaluating candidates as positive electrode
materials. Energy density, power density, structural stability, and cost are among the most
important ones. Phospho-olivine materials LiMPO4 (M=Fe, Mn, Co) have attracted a lot of
attention since they were proposed in 1997 by Padhi et al.* ?> LiFePO4, the most studied
phosphate compound for such applications, presents a high theoretical capacity (~170 mAh/g), a
rather good working voltage ~3.5 V vs. Li*/Li’, an excellent thermal stability of its delithiated
phase FePOs and a good cycle life. It is also an inexpensive and nontoxic material. Its main
drawback, a low intrinsic ionic and electronic conductivity, has been overcome by optimizing its
synthesis conditions, e.g. by preparing nanoparticles coated with carbon.>** LiMnPO4 could be a
more suitable cathode material because of its higher working voltage (4.1 V vs. Li'/Li%),
resulting in a higher energy density.! However, low capacity and slow kinetics were achieved up
to now for this material." 7 ® Several reasons have been proposed to explain these poor
electrochemical performances: lower intrinsic electronic conductivity (ce < 10'° S/cm for
LiMnPO4 and 10° S/cm for LiFePO4 at room temperature),” '° local lattice distortion around
Jahn-Teller active Mn** ions,!! larger mechanical strains at the boundary between Li-rich and Li-
poor phases.'> Coating LiMnPO4 nanoparticles by conductive carbon helped improving its
electrochemical performance, but up to now this material cannot be envisaged as positive

electrode for Li-ion batteries.'>'¢



Higher electrochemical rate capability and larger reversible capacity were reported for
LiFe1.yMnyPO4 compounds as compared to LiMnPO4.!7""- 7 Yamada et al. carried out a detailed
study to determine the LixFe1.,yMnyPO4 (0 < x, y < 1) phase diagram.'! They showed that lithiated
LiFe;.yMnyPO4 compounds form a solid solution at all relative Fe and Mn concentrations (small
difference between the ionic radii of high spin Fe*" and high spin Mn?*). On the contrary, for
Mn-rich compounds (y > 0.8) delithiated Fe;.;,MnyPO4 phases were found to be unstable because
of the large anisotropic Jahn-Teller distortion due to Mn?" ions. As a result, Mn-rich
LiFe1.yMnyPO4 (y > 0.8) compounds were considered unsuitable for battery applications whereas
significantly improved electrochemical performance was observed for 0 <y < 0.75.7-2°

Recently we have focused on the Mn-rich LiFeo33Mnos7POs electrode material. In a first
paper, we have reported the study of LiFeo33:Mnoe7POs // Li® half-cells by X-Ray Absorption
Spectroscopy (XAS), 3'Fe Mossbauer spectroscopy and X-Ray Photoelectron Spectroscopy
(XPS).2! A reversible capacity of ~150 mAh.g™! at C/20 and 60 °C was observed at the first cycle
and a good cyclability was evidenced over 50 cycles at C/6 and 60 °C. The good reversibility of
redox processes was confirmed by analysis techniques. Our aim in the present paper is to focus
on the electrode/electrolyte interfacial reactivity of this electrode material. Indeed, due to the
increase of the working potential of LiFeo33Mnos7PO4 with respect to LiFePOs, some increased
reactivity towards the electrolyte can be expected. We decided to focus on LiFeo.33Mno.67PO4 //
graphite cells that are closer to the actual conditions of industrial applications and more
appropriate for an investigation of possible chemical interactions between both electrodes.
Positive and negative electrodes were analyzed by XPS, a suitable surface-sensitive technique to
investigate electrode/electrolyte interfaces. The results are compared to reference LiFePOy //

graphite cells in similar experimental conditions.



2. Experimental section
2-1. Electrochemical details

The positive electrodes were prepared by coating an aluminium foil current collector with a
slurry composed of active material, poly(vinylidene fluoride) PVAF binder and conductive
carbon black in N-methyl-2-pyrrolidone. The active materials, provided by Siid-Chemie
(Moosburg, Germany), were carbon-coated C-LiFePOs and C-LiFe33Mno.¢7PO4 prepared by
hydrothermal way and will be simply called LiFePO4 and LiFeo33Mno.67PO4 for more clarity.
The negative electrode consisted of a mixture of round-shape graphite, styrene butadiene rubber
(SBR) and carboxymethylcellulose (CMC) sodium salt as binders, deposited on a copper foil
current collector. The electrodes were then dried in an oven at 120 °C for 12 hours under
vacuum. Coin cells were assembled with 18 mm positive electrodes and 20 mm negative
electrodes in an MBraun (Garching, Germany) argon dry box, inside which the oxygen and water
contents were maintained below 1 ppm. Separators The separator was a trilayer PP-PE-PP
(polyethylene, polypropylene) purchased from Celgard (Charlotte, North Carolina, USA) and the
standard liquid electrolyte was a blend of ethylene carbonate (EC), propylene carbonate (PC),
and dimethyl carbonate (DMC) with LiPF¢ salt and one percent of vinylene carbonate (VC)
additive.

Galvanostatic charge/discharge of LiFePO4 // graphite and LiFeo33Mng¢7PO4 // graphite coin
cells was performed using a multichannel potentiostat/galvanostat testing apparatus (Bio-Logic
SAS, Claix, France) at 60 °C and with a C/20 rate (i.e. the full charge or discharge capacity of
the cell is reached within 20 hours). Then, the electrodes were carefully separated from the rest

of the battery components in an argon dry box and the electrolyte was removed from the surface



by dilution in DMC before XPS analysis. To ensure a good reproducibility of the results, the
same washing procedure was used for all the samples: the electrodes were soaked 3x3 minutes in
three successive baths of pure DMC (80 cm?) under mild stirring, then the electrodes were dried

5 min under vacuum.

2-2. XPS analyses

The XPS spectrometer was fitted with an argon dry box through a transfer chamber, so that
the electrodes could be placed onto the sample holder without any moisture/air exposure or
contamination. The analyses were carried out with a Kratos Axis Ultra spectrometer (Kratos
Analytical Ltd, Manchester, UK) using a focused monochromatized Al Ka radiation (hv =
1486.6 eV). The spectrometer was calibrated using the photoemission line Ag 3ds, (binding
energy 368.3 eV). For the Ag 3ds. line, the full width at half maximum (FWHM) was 0.58 eV
under the recording conditions. Core peaks and valence spectra were recorded with a constant 20
eV pass energy. The analyzed area of the samples was 300x700 um?, and the pressure in the
analysis chamber was ca. 10”7 Pa. The binding energy scale was calibrated using the C 1s peak of
the hydrocarbon contamination at 285.0 eV. Core peaks were analyzed using a nonlinear Shirley-
type background.?? The peak positions and areas were optimized by a weighted least-square
fitting method using 70% Gaussian, 30% Lorentzian lineshapes. Quantification was performed

on the basis of Scofield’s relative sensitivity factors.?

3. Results and discussion
3.1. Electrochemical cycling

Figure 1 shows a comparison of the first electrochemical cycles of LiFePO4 (2.5-3.7 V) and



LiFe033Mno.67PO4 (2.5-4.3 V) obtained at 60 °C in coin cells vs. Li and vs. graphite negative
electrodes. Corresponding values of first charge capacity and irreversible discharge capacity are
reported in Table 1. The LiFePOs // Li® cell presents a first charge capacity of 152 mAh.g!' and
no irreversible capacity. The discharge capacity is even slightly higher (4 mAh.g™') than the
charge capacity due to the reduction upon discharge of the Fe** impurities that are present in the

starting LiFePO4 material, especially at the surface.?*?’
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Figure 1. First electrochemical cycle obtained in coin cells at 60 °C and C/20 rate for (a)
LiFePOg4 and (b) LiFeo33Mno.¢7PO4 positive electrodes vs. Li and graphite. Points 1-5 refer to
LiFeo.33Mno.67PO4 // graphite cells analyzed by XPS.

The LiFePOs // graphite cell presents a first charge capacity of 153 mA.g™! and an irreversible
capacity of 24 mAh/g. This latter is mainly due to the loss of lithium ensuing from the formation

of the Solid Electrolyte Interphase (SEI) at the surface of the graphite negative electrode.* 28



Table 1. Positive electrode capacities measured for the different cells presented in Figure 1.

LiFePOq4 LiFeo.33Mng67PO4

vs. Li° vs. graphite vs. Li° vs. graphite
First charge capacity (mAh/g) 152 153 160 160
Irreversible first discharge 0 24 10 44

capacity (mAh/g)

The LiFe(33Mng ¢7PO4 // Li° cell exhibits two distinct plateaus upon charge and discharge: the
first one at ~3.5 V corresponds to iron oxidation/reduction, the second one at ~4.1 V corresponds
to manganese. The lengths of Fe and Mn plateaus are roughly proportional to the Fe/Mn ratio in
the nominal composition of the active material.

The LiFeo33Mnos7POs // Li® cell shows a first charge capacity of 160 mA.g' and an
irreversible capacity of 10 mAh/g that was not observed for LiFePO4 // Li°. This point will be
discussed later. The LiFeo33Mno67PO4 // graphite cell exhibits the same first charge capacity as
that obtained vs. Li’. In this case the Fe charge plateau is less clearly observed during charge
(point 1) as the electrochemical curve of the full cell results from both cathode and anode
contributions. Thus the voltage increase observed between 0 and 30 mAh/g is mainly assigned to
the potential decrease of the graphite electrode at the beginning of charge. Upon discharge, the
irreversible capacity is 44 mAh/g, which is significantly higher than for the LiFePOs // graphite
cell. As a result, the Fe discharge plateau is dramatically shortened (point 5) because the
remaining amount of lithium that can be reinserted into the positive electrode active material is
not sufficient. Indeed, since some part of the active lithium has been lost upon charge, there is
not enough lithium in the graphite negative electrode to fully re-insert into the positive electrode

upon discharge. As a result, the cell voltage drops before the expected discharge capacity value



(i.e. the voltage decrease of point 5 is assigned to a potential increase of the graphite electrode
and not to a potential decrease of the LiFeo33Mno.67PO4 electrode).

As a summary, whether a metallic lithium or a graphite electrode is used, a higher irreversible
capacity is observed when using a LiFeo33Mno.67PO4 positive electrode as compared to LiFePOa.
In both cases an irreversible capacity is observed when using a graphite electrode, following the
formation of the SEI, but a greater irreversible capacity is observed for LiFeo.33Mno.67POs.
Several hypotheses can be given: (i) A small part of the observed charge capacity is due to
oxidation of the electrolyte instead of oxidation of Mn and lithium extraction from the positive
electrode active material, (ii)) A part of the active lithium cannot be reinserted into the
LiFeo.33Mno.67PO4 olivine structure upon discharge due to phase transitions, or because a small
part of the active material has been damaged (by dissolution in the electrolyte for example).
However, previous works have shown that a good capacity retention upon cycling (over more
than 50 cycles) is observed when using a metallic lithium electrode, which is a continuous source
of active lithium.?! This shows that the irreversible capacity is not due to damages of the
LiFeo0.33Mno.67PO4 active material, and that the loss of active lithium can be overcome by lithium
replenishment. This suggests that the greater irreversible capacities observed for
LiFeo33Mng 67PO4 as compared to LiFePO4 are related to the higher working potential of this
positive electrode material. The analysis of XPS spectra of positive and negative electrodes will

help in grasping more insight into these phenomena.

3.2. XPS results

3.2.1. Study of the Fe and Mn redox processes



Fe 2p and Mn 2p XPS spectra of the positive electrode recovered at different steps of the first
electrochemical cycle of a LiFeo.33Mno.67PO4 // graphite cell are presented in Figure 2. Mn 2p and
Fe 2p spectra consist of two components, namely 2ps2 and 2p12 due to spin orbit coupling with
an intensity ratio ~2/1. Each component consists of a main peak and a shake-up satellite at about

+5 eV binding energy *°.

740 735 730 725 720 715 710
Binding energy (eV)

660 655 650 645 640
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Figure 2. (a) Fe 2p and (b) Mn 2p XPS spectra of the LiFeo 33Mno.67PO4 positive electrode
recovered at different steps of the first cycle of the LiFeo.33Mno.67PO4 // graphite cell.



Fresh electrode

The Fe 2p spectrum of the fresh LiFeo33Mno¢7PO4 electrode shows a main Fe 2p3» peak at
711 eV. The asymmetric shape of the maximum indicates the presence of Fe*" surface impurities
accompanying Fe?" cations of the olivine structure.?* 3* Such Fe*" impurities were also observed
for the as-prepared material and do not result from the electrode preparation. It may be due to the
formation of Fe>O; surface oxide following air exposure at moderate temperature at the end of
synthesis process, as suggested by Hamelet et al. for LiFePOs-based nanopowders.?

The Mn 2p spectrum of the fresh LiFeo33Mno67POs electrode shows a complex shape. Mn
2p32 and 2pi1» main peaks consist of two fine structures (641 and 642 eV for 2ps3;2). These fine
structures do not result from the presence of two different oxidation states of manganese, but
from final state effects due to the XPS photoemission process (multiplet splitting effects, or local
vs. non-local screening effects 3! 32). This complex shape and the shake-up satellite at +5 eV are
characteristic of Mn?" cations in LiFeo33Mng67PO4.%!

Point 1 (3.07V)

On the first charge “plateau” (point 1), the intensity of the Fe 2ps» peak at 710 eV (Fe?")
decreases while a new peak at 712.5 eV appears. This new peak is attributed to Fe*" cations in
the delithiated phase.>* 2! The same evolution can be also clearly observed for the Fe 2pi.
component, with the peak at 724 eV (Fe?") partially replaced by a new peak at 726 eV (Fe*"). At
this stage it is possible to estimate the Fe**/Fe?" ratio at the surface of the material by fitting the
spectrum with a linear combination of the Fe 2p spectra of FePO4 and LiFePO4 reference
samples (i.e. obtained from the complete charge and discharge of a LiFePOs // Li° cell,
respectively).?* At point 1 the Fe*"/Fe’" ratio is ~75/25. No change was noticed in the Mn 2p

spectrum at this stage.
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Points 2 and 3: Second charge plateau (4.1 V) and end of charge (4.3 V)

On the second charge plateau (point 2), the Fe 2ps» component at 710 eV (Fe?") has
completely disappeared, only the component at 712.5 eV (Fe*") is still present. Thus all Fe?* ions
have been oxidized into Fe*" at this stage. At the end of charge (point 3), no change in the Fe 2p
spectrum is observed as all Fe’" have been already oxidized into Fe**.

Concerning manganese, the analysis of Mn 2p spectra shows the partial oxidation of Mn**
into Mn**. The main Mn 2p3,» peak (maximum at 641 eV, i.e. Mn?") decreases while a new peak
at 642.5 eV (Mn’") is gaining intensity. This evolution is confirmed by the Mn 2pi» component,
with the Mn?" peak (maximum at 654 eV) being partially replaced by a new Mn*' peak
(maximum at 655 eV). At the end of charge a shoulder at 641 eV indicates that all Mn?" cations
were not totally oxidized into Mn*'. By subtracting the Mn 2p spectrum of the starting
LiFeo33Mno7PO4 electrode (Mn?") from the spectra recorded after cycling, it is possible to
obtain the Mn 2p spectrum of the theoretically totally delithiated Feo33Mnos7PO4 electrode
(Mn>"). Then, by fitting the spectra with a linear combination of these Mn?* and Mn>" spectra, it
is possible to estimate the Mn>"/Mn?" ratio at the surface of the material upon cycling. At point 2,
the Mn**/Mn?" ratio is ~40/60. At the end of charge it is ~58/42.

Point 4: First discharge plateau (3.9 V)

On the Mn discharge plateau (point 4), reverse reduction of Mn*" cations takes place as the
Mn 2ps3 peak at 641 eV characteristic of Mn** increases again. The Mn 2p spectrum is rather
close to that obtained at point 2, and at this stage the Mn>"/Mn?" ratio is ~36/64. No reduction of
Fe" cations is observed in Fe 2p spectra.

Point 5: End of discharge (2.5 V)

11



At the end of the cycle (point 5), all Mn species at the surface of the LiFeo.33Mno.67PO4
electrode are in +II oxidation state; which indicates a good reversibility of the redox reaction of
the Mn>"/Mn?* couple. Concerning iron, a significant amount of Fe*" cations still remains at the
end of discharge, since the Fe**/Fe*" ratio is ~53/47. This is in good agreement with the very
short Fe discharge plateau observed in Figure 1 and the loss of electrochemically active lithium
that cannot be reinserted in the LiFeo33Mno.67PO4 electrode upon discharge, as discussed above.

As a summary, the different Fe**/Fe*" and Mn**/Mn?" ratios determined at the surface of the

LiFeo.33Mno.67PO4 electrode are reported in Table 2.

Table 2. Fe*'/Fe*" and Mn?*/Mn>" ratios measured by XPS at the surface of the
LiFeo.33Mno,67PO4 electrode along the first cycle vs. graphite (points 1-5 refer to Fig 1).

LiFeo33Mno.67PO4 // graphite

Point Fe* Fe3t Mn?2* Mn3*
1 75 25 100 0
2 0 100 60 40
3 (charge) 0 100 42 58
4 0 100 64 36
5 (discharge) 47 53 100 0

A very interesting feature is the great amount of Mn?" (42%) remaining at the end of charge
(point 3). This can be further exploited to understand the behaviour of this electrode.
Electrochemical data of LiFeo33Mno¢7POs // graphite cell show that a 100 mAh.g! reversible
plateau at 3.9 V is observed for manganese upon discharge. The theoretical capacity of

LiFe(33Mnoe7POs is 170.5 mAh.g!'. Taking into account the stoichiometry of the material,
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manganese contributes by 113.7 mAh.g™! to this theoretical capacity. This means that a 100
mAh.g”! plateau correspond to 88% of Mn>* ions being reduced into Mn?" upon discharge.
Therefore at least 88% of Mn*" ions are oxidized into Mn®" upon charge; however surface
analysis by XPS shows that only 58% of Mn>" are present at the surface of the electrode material
at the end of charge. Note that this phenomenon is not observed for iron in LiFePOy // graphite
cells (100 % of Fe?" are observed at the end of charge). Our explanation of this phenomenon is
that the increase of the working potential of the electrode due to the manganese plateau at 4.1 V
results in an enhanced reactivity of the surface of the electrode towards the electrolyte, with a
slight oxidation process of the electrolyte accompanied by a partial reduction of Mn*" into Mn?".
Note that this phenomenon was already observed in a previous work with LiMn ¢Nio.4O4 spinel
electrodes working at higher potential (nickel plateau at ~4.7 V).>* Indeed, some part of the
nickel was not oxidized at the end of charge up to 5 V. However the present results show that
this phenomenon can occur with a 4.1V manganese plateau. A detailed analysis of other XPS
spectra will provide additional information on the electrode/electrolyte interfaces on both

LiFeo0.33Mno.67PO4 and graphite electrodes.

3.2.2. Electrode/electrolyte interfaces
3.2.2.1 LiFe.33Mno.67POy positive electrode

Figure 3 shows O 1s and P 2p spectra of the LiFeo33Mno.67PO4 electrode at the different
studied points (1-5) upon the first cycle. Results obtained after charge and discharge of a
LiFePOs // graphite cell are also presented for comparison.

O Is core peaks: The O 1s spectrum of the fresh LiFeo33Mno67PO4 electrode consists of a

main peak at 531.4 eV, which is the signature of the (PO4)* group (Figure 3b).>°
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Figure 3. (a) O Is and (c) P 2p XPS spectra of LiFePO4 electrodes recovered at the end of
charge and discharge vs. graphite; (b) O 1s and (d) P 2p XPS spectra LiFeo33Mng.67PO4 positive
electrodes recovered at different steps of the first electrochemical cycle of LiFeo33Mng.s7PO4 //

graphite cells.
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The other weak peak at 533 eV is attributed to a weak surface contamination. At the first
charge plateau (point 1), slight changes are observed as the peak at 533 eV has gained more
intensity and a new peak at 534.5 eV has appeared. These two peaks increase significantly on the
Mn charge plateau (point 2) and at the end of charge (point 3) and can be assigned to the
deposition of oxygenated species in a passivation film that is formed at the surface of the
LiFeo.33Mno.67PO4 electrode upon charge. Taking into account the depth of analysis of XPS (~5
nm), the film thickness is lower than a few nanometers since the O 1s peak of the active material
still remains the main peak of the spectrum, even at the end of charge. However, comparison
with a LiFePOy4 // graphite cell (Figure 3a) shows that the passivation film formed at the surface
of the LiFePOy electrode upon charge is much thinner. This difference can be attributed to the
increase of the working potential of the electrode leading to a higher oxidation of the electrolyte.
Upon discharge (points 4 and 5), a decrease of the intensity of the two additional peaks of
LiFeo.33Mno.67PO4 is observed (Figure 3b). This can be interpreted by a partial dissolution of the
deposited oxygen-containing species upon discharge.

P 2p core peaks. Only one asymmetric 2p32-2p12 doublet (with 2ps» at 133.4 V) is present
in the P 2p spectrum of the fresh LiFeo33Mno.67PO4 electrode (Figure 3d). This binding energy
value is characteristic of (PO4)’" groups in the olivine structure.’* No surface phosphorus-
containing impurity is observed on the fresh electrode surface. At the first charge plateau (point
1), no changes are detected in the P 2p spectrum as compared to the fresh electrode. From the
Mn charge plateau (point 2) to the end of the cycle (point 5) a new doublet (with 2p3.» at 134 eV)
appears, which is attributed to phosphates species resulting from the degradation of LiPFs salt of
the electrolyte. Another P 2p doublet (with 2p3» at 136.4 eV) can be also noticed, especially at

the end of charge (point 3), which can be assigned to fluorophosphates LixPOyF,, i.e.
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intermediate decomposition products of LiPFs. Although these salt degradation products are
deposited in a greater amount than at the surface of the LiFePOy electrode, especially at the end
of charge (Figure 3c), the proportion of phosphates and fluorophosphates remains very small as
compared to the characteristic P 2p peak of the active material, which shows that these
degradation compounds of LiPFs are not the main source of oxygen detected in the surface film
covering the LiFeo33Mno.67PO4 electrode. It is thus expected that the main source of oxygen are
degradation compounds of the solvents (EC, PC and DMC). Therefore the analysis of C 1s
spectra of these samples should be very fruitful.

C Is core peaks. Figure 4a shows the C 1s spectra of the fresh LiFeo33Mno.67PO4 electrode
(white) and after full charge at 4.3 V (point 3, grey). Comparison with a LiFePOy4 // graphite cell
in the same conditions is given in Figure 4b. The C 1s spectrum of the fresh LiFeo.33Mno.67PO4
and LiFePOg4 positive electrodes are dominated by the peaks of the carbon-containing additives
(carbon black at 285 eV and PVdF binder at 286.5 and 290.9 e¢V). Due to the great surface area
of carbon black nanoparticles and to the binding behavior of PVdF, the total amount of these
additives as measured by XPS at the surface of the electrode is about 60 %, i.e. much greater
than their actual proportion in the electrode. For this reason, it is possible to detect the presence
of other carbonaceous species only if they are deposited in a great amount at the surface, and few
differences could be noticed in the C 1s spectra upon the first cycle. Only the C 1s spectrum of
the LiFeo33Mno.67PO4 electrode obtained at the end of charge at 4.3 V (grey in Figure 4a) was
sufficiently different from the starting electrode to bring some information, by subtracting the
spectrum of the fresh LiFeo33Mnos7POs electrode (white) in order to evidence the differences.
The fitting of this subtracted spectrum displays the appearance of several components

corresponding to CHz, C-O, C=0 and O=C-O environments of carbon, corresponding to an
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amount of carbon ~ 13 % of the total signal of elements at the surface of the electrode. Taking
into account the nature of the various environments of carbon, the total amount of carbon and
oxygen attributed to organic species ensuing from degradation of the solvents and deposited at
the surface of the electrode is 26 %. However, it is not possible from these data to exactly
identify the species. We can just notice that the deposition of carbonates is not evidenced in this
case because the characteristic peak of carbonates at 290 eV is not observed. Comparison with
the LiFePOy // graphite cell by doing the same kind of analysis (Figure 4b) evidences the much

lower amount of organic oxygenated species deposited at the surface of the LiFePOs electrode.

—
C1s carbon black

T T T T ! - !

T T
(a) C 1s carbon black

fresh electrode fresh electrode
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Figure 4. C 1s XPS spectra of (a) the LiFe.33Mno.67PO4 and (b) the LiFePO4 positive electrodes
recovered at the end of charge versus graphite; both the C 1s spectra of the electrode at end of
charge (grey) and of the fresh electrode (white) are represented. The difference between both
spectra is represented in the bottom part.
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The signal to noise ratio of the subtracted spectrum is too bad in this case to extract precise
information about the nature of carbon environments in the surface film, but no significant
differences with respect to LiFeo.33Mno.67PO4 are displayed at this stage.

As a summary, comparison between LiFe(33Mno.67PO4 and LiFePO4 shows that XPS spectra
do not significantly differ by the nature of the deposited species observed at the surface, but
significantly differ by the amounts of deposited species. The amount of deposited species is
much higher in the case of LiFe(.33Mno.67POa.

These observations are in good agreement with the conclusion that the enhanced reactivity of
the LiFeo33Mno.67PO4 electrode surface towards the electrolyte results from the increase of the
potential of the charge/discharge plateau (Mn plateau at 4.1 V) as compared to LiFePOas.
According to XPS analyses the surface chemistry of the LiFeo33Mno.¢7PO4 electrode after charge
up to point 1 (first Fe charge "plateau") is similar to the surface chemistry of the LiFePO4
electrode after a full charge. A more significant amount of deposited species is found at the
LiFeo33Mno67PO4 surface after charge over the Mn charge plateau (4.1 V). Additional
carbonaceous species are clearly observed in the C Is spectrum of the LiFeo33Mno.67PO4
electrode at the end of charge. The presence of different mono- and di-oxygenated environments
of carbon at the surface of the electrode indicates an oxidation of the electrolyte solvents. Such
side reactions between the electrode surface and the electrolyte result in the reduction of Mn**
from the extreme surface of the electrode into Mn?*. This explains the lower amount of Mn**
observed by XPS at the end of charge at the extreme surface of the LiFeo.33Mno.67PO4 electrode

as compared to the expected amount in the bulk electrode from electrochemical data.

3.2.2.2 Graphite negative electrode
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C 1s spectra of the graphite electrode recovered after charge (point 3) and discharge (point 5)
of the LiFe.33Mno.¢7PO4 // graphite cell are presented Figure 5a. The C 1s spectrum of the fresh
electrode consists of a main peak at 284 eV assigned to graphite, a second component at 285 eV
corresponding to CH» environment in the polymeric binder SBR, and two minor peaks at 286.4

and 288.2 eV attributed to CO and COO environments of carbon in CMC binder, respectively.

Graphite vs. LiFe; 33Mng ¢,PO, Graphite vs. LiFePO,
C1s i
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Figure 5. C 1s XPS spectra of the negative graphite electrode recovered after charge and
discharge during the first cycle vs. (a) LiFeo.33Mno.67PO4 and (b) LiFePOs.

At the end of charge of the LiFeo33Mnos7PO4 // graphite cell (Figure 5a), the graphite
component is no longer visible, which means the electrode is fully covered by a passivation layer

thicker than 5 nm. At the end of discharge, the graphite is still hidden by the species deposited at
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its surface. Four new components are observed in the C 1s spectra with binding energies of about
285, 287, 289 and 290 eV, attributed to CH>, CO, CO; and CO3 environments, respectively. Note
that these XPS C 1s signatures are commonly observed at the surface of graphite electrode after
cycling of a usual LiCoO> // graphite cell.>* At this stage, no significant change can be noticed
relative to the chemical nature of the positive electrode. Such deposited species result from the
decomposition of the solvents to form the Solid Electrolyte Interphase (SEI), and several
mechanisms have been proposed in the literature to explain its formation. The CO3 component
can be explained by the formation of Li2CO3 or lithium alkyl carbonates (ROCO:Li) ensuing
from the reduction of carbonate solvents.’> 3¢ The C-O component may be assigned to lithium
alkyl carbonates (CH3;0COsLi for example) and/or to (-CH»-CH,-O-), oligomers.>” The CO»
component may be attributed to the formation of oxalates.’® In Figure 5a we can observe a
significant decrease of the CO; and CO components upon discharge. Such an effect was also
previously observed with LiCoO, // graphite cells.’® It could be interpreted by a partial
redissolution of carbonates species upon discharge, which means that a minor part of the SEI can
be dissolved upon discharge although the formation of the SEI is mainly an irreversible process.

Comparison with a LiFePOg // graphite cell in the same conditions is given in Figure 5b. At
the end of charge, the lithiated graphite component is hardly detectable (weak peak at 283 eV)
but it has not totally disappeared and thus the SEI is slightly thinner than after cycling vs.
LiFeo.33Mno.67PO4. At the end of discharge a small graphite peak is again visible by a shoulder at
283.5 eV, showing a slight decrease of the SEI thickness. The same phenomenon of redissolution
of carbonates species upon discharge is observed.

As a summary, even if the nature of the positive electrode (LiFeo33Mno.67PO4 or LiFePO4) has

a weak influence on the graphite electrode/electrolyte interface, a slightly thicker SEI is observed
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vs. LiFeo.33Mno.67PO4, showing that the electrode/electrolyte reactivity at the positive electrode
side has some influence at the negative electrode side. Moreover, a small amount of manganese
originating from the LiFeo33Mno.67PO4 positive electrode was also detected on the graphite
negative electrode (~ 0.5 at.%) at the end of charge and discharge. This result is confirmed by X-
ray fluorescence (XRF) experiments showing that the Fe and Mn contents in the graphite
electrode after charge are 100 and 200 ppm, respectively (note that these values are much lower
than XPS because XPS analysis strictly concerns the surface of the electrode, where the metals
are deposited). As a result the communication between both electrodes is actually evidenced.
Some other species formed by oxidation of the electrolyte components at the surface of the
higher voltage LiFe33Mno.67PO4 electrode may be also transferred to the graphite electrode and
modify its surface chemistry. This phenomenon was already evidenced for high voltage spinel
positive electrodes 3*. A slight difference between the behaviours of LiFePO4 and LiFexMn;xPO4
is expected due to the voltage difference between both materials. The same way, some species
formed by reduction at the surface of the negative electrode can be transferred to the positive

electrode.

4. Conclusion

The positive and negative electrodes of a LiFeo33Mnos7PO4 // graphite cell were analyzed
using XPS technique after charge and discharge at different steps of the first electrochemical
cycle. Study of Fe 2p and Mn 2p XPS core peaks showed a good reversibility of the redox
processes. The higher working potential of LiFeo33Mno.67PO4 with respect to LiFePO4 results in
an increased reactivity of the LiFeo33Mno.67PO4 electrode surface towards the electrolyte. In both

cases (LiFe033Mnos7POs and LiFePOs4) a part of the electrochemically active lithium is
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consumed for the SEI formation on the graphite electrode. In the case of the LiFe.33Mno.67PO4
electrode, a thicker passivation film is also observed on the positive electrode surface, resulting
from the oxidation of the electrolyte solvents. This enhanced electrode/electrolyte reactivity
causes the reduction of part of the Mn®" ions at the extreme surface of the electrode. This is
confirmed by the lower amount of Mn*>" detected by XPS at the surface of the electrode at the
end of charge than expected from the electrochemical data (this phenomenon is not observed for
LiFePOs). Upon discharge, a partial dissolution of the species deposited at the LiFeo 33Mng.¢7PO4
electrode surface occurs. Although good electrochemical performances of LiFexMni.xPO4
electrode materials were shown in previous works °, the capacity fading of these materials upon
long cycling is greater than for LiFePO4. The increased interface reactivity we evidenced in this
work certainly impacts the ageing of LiFexMnixPOs // graphite cells upon long cycling. Further
investigation are in progress to evaluate the influence of this interface reactivity on aging

processes of LiFeo.33Mno ¢7PO4 // graphite cells.
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