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Abstract

Understanding the key factors that affects overall performances of a battery is crucial to the lithium-ion
battery industry. To this end characterisation methods must be specific, reproducible and representative.
As such, an interference free and reproducible analytical method with a low detection limit (50 ppb) to
evaluate manganese dissolution from lithium-ion battery positive electrodes is presented. Two different
electrolytes (1.0 M LiClO4 and 1.0 M LiPFs in EC:DMC (1:1)), LiFePOs, two nominally similar
LiFeo.3sMng7PO. samples and spinel LiMn,O. are used for proof of concept. Mn and Fe quantification is
performed on material ageing in solely in electrolyte, as well as, in a battery system with and without
forced oxidation. It is demonstrated that water and free acid content in the electrolyte, as well as,
imposing an oxidative electrochemical potential has a profound effect on manganese based material

dissolution and battery performance.
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1. Introduction

To compete in the energy storage and transportation market, lithium-ion batteries needs to be safe, low
cost, have high energy density, high efficiency and a long service life. [1-4] In this perspective, there is a
growing interest for phospho-olivines and manganese based positive electrode materials. Specifically,
lithium manganese spinel LiMn,O4 (LMO) and lithium iron phosphate LiFePO, (LFP) appears to be good
replacements for commercial lithium cobalt oxide LiCoO.. One of the major drawbacks of LiFePOy is the
potential of the Fe?*/Fe®* redox couple (3.45V vs Li/Li*) that affects the overall energy. Substituting iron
for manganese improves the redox potential (4.05V vs Li/Li*) and at an equivalent theoretical capacity
(~170 mAh g1) which should lead to a higher energy density than LiFePO.. However, it was clearly
demonstrated that LiMnPO, (LMP) has a lower experimental energy density due to slow (de)lithiation
kinetics entailing large overpotentials and capacity loss at practical rates compared to LiFePO..[5-8] The
origin of the slower Kkinetics is still a matter of discussion, but structural differences related to the relative
size of the transition metal ions in different oxidation states and the accompanying unit cell differences,
the effect of Jahn-Teller distortions, and poor electronic conduction has been invoked as possible
causes.[9-16] Importantly however, it has been reported that the coexistence of Fe and Mn in the
phospho-olivine structure LiFe;xMnyPO4 (LFMP) minimize the capacity loss when x < 0.8. [5, 17-20]
These mixed iron-manganese phosphates are therefore more attractive than pure LiMnPO, for practical

applications at this point in time.

Manganese dissolution in lithium-ion battery electrolyte is a well-known problem and widely documented
for the spinel LiMn,O4 [21-31], however studies of similar processes for LiFe;.«Mn,PO, are scarce.[20,

32, 33] Manganese dissolution is a major concern in part due to inter-particle connection being lost in the



composite electrode. In addition manganese ions migrate towards the negative electrode and are reduced
to manganese metal in the solid electrolyte interface causing electrolyte decomposition and self-
discharge. [28, 30] Therefore, even minute amount of manganese dissolution can affect energy density
and the longevity the cell. This problem is of such importance that Mn trapping polymers coated

separators have been developed to reduce the amount of Mn migrating to the negative electrode. [34]

In this paper, we report on the amount of manganese dissolution in lithium-ion battery electrolyte for
LiFePO., two nominally similar LiFeo3sMng7PO4samples and spinel LiMn,Oa. Previous reports suggest
that Mn dissolution occurs when the LiFe:1xMn, PO, ages in the electrolyte. [20, 32, 33] Here a different
approach is taken, in that Mn and Fe is quantified in two different electrolytes in the absence and in the
presence of forced oxidation within a battery system. In addition, ageing in electrolytes is still performed
for comparative purposes. Further, a FePO, (FP) counter/reference electrode is used due to the flat 3.45V
vs Li potential, which avoids possible reduction of the Mn ions on the negative electrode, a factor that
could reduce the amount of Mn in the electrolyte. Finally, the analytical technique used to quantify Mn
content in the electrolyte is the Zeeman graphite furnace atomic absorption spectroscopy (Zeeman-
GFAAS) couple with standard addition method, which provides a ppb range limit of detection, by

overcoming the matrix effects due to the solvent and salt in the battery electrolyte.

2. Experimental

2.1.Materials

The positive electrode base materials were research grade carbon coated C-LiFeq3Mng7PO4 (LFMP-1 and
LFMP-2, Johnson Matthey Battery Materials Ltd.), LiMn,O4 (MTI Corporation), and commercial C-
LiFePOs (P2, Johnson Matthey Battery Materials Ltd.). The negative electrode base material was C-
FePQO, prepared from C-LiFePO4as describe by Lepage et al.[35] Phase purity of the research grade

samples was confirmed using a Philips X’pert diffractometer (26 = 15°- 75°) with a CuK, source.



Electrolytes (BASF) were 1.0 M LiClO4 in EC:DMC (1:1) (Electrolyte A) and 1.0 M LiPFs in EC:DMC
(1:1) (Electrolyte B). Water content, 11.5 £ 2.1 ppm and 22.2 + 3.7 ppm, electrolyte A and B respectively,
was determined with a 785 DMP Titrino Potentiometric Titrator (Metrohm) using Aqualine™ Complete 5
single component Karl Fischer reagent (Fischer Scientific). All electrolytes samples were transferred
directly from the argon filled glovebox to the titrator in a syringe to avoid exposure to ambient
atmosphere. Free acid titration yielding 1.6 £ 0.6 ppm (mass of HCIO, per mass of total electrolyte) and
18.8 + 0.1 ppm (mass of HF per mass of total electrolyte) for electrolyte A and B respectively, was
completed as describe by Chen et al. [36] with minor modifications: Titrations were performed on a
slurry composed of 3g of crushed ice, 1 mL of water, 5 drops of indicator (bromothymol blue 0.04%) and
approximately 1g of electrolyte (accurately weighted) using NaOH 0.005N standardized with potassium
biphtalate primary standard (Sigma-Aldrich). All titration were completed in less than 2 minutes and once
the end point was reached the blue color did not revert to yellow for at least 1 minute, indicating that acid

formation was minimal during the titration.
2.2.Sample preparation

Suspension experiments were conducted with 250mg of material (LFP; LMO; LFMP-1 and LFMP-2)
place into closed polystyrene containers with 3 mL of electrolyte A or B and stirred for 7 days at room
temperature, labeled Susp samples hereafter. All dissolution experiments were conducted in an argon

atmosphere glovebox (water and O, content < 3ppm).

Electrochemical cell experiments were based on electrodes prepared by mixing in a rollermill for 24h
active materials, SUPER P® Carbon Black (Imerys Graphite & Carbon) and polyvinylidene fluoride
(PVDF, Kynar KF Polymer W#1100) 80:10:10 %w/w in N-methylpyrrolidinone (NMP, Alfa Aesar) to
produce an ink, which was coated onto an aluminium foil current collector using a doctor blade coater (4-

sided film applicator p/n: 2021 from BYK).



The coatings were dried at 90°C in air for 2 hours, followed by 24 hours in a vacuum at 65°C. The
electrodes had a geometrical surface area between 60 and 68 cm? with coating thicknesses between 60
and 90 um, and active material loading between 1.3 and 2.7 mg cm=. A Celgard 2500 membrane was
sandwiched between the positive and negative electrode, the assembly rolled and place into a high density
polyethylene container before transfer to the glovebox. 3 mL of electrolyte was subsequently added to the
cell, which was closed with a low density polyethylene lid, and let to settle for 24 hours. Two different
analyses were performed. In the first type, the sample was not submitted to electrochemical oxidation but
allowed to rest with electrolyte for the same amount of time as required for electrochemical treatment
(Labeled: Cell samples). The second type of sample, labeled Ox, was subjected to galvanostatic oxidation
at 0.05C rate until a potential of 0.9V vs FP (4.35V vs Li) immediately followed by a potentiostatic step
at 0.9V vs FP (4.35V vs Li) for a period of 72 hours. Electrochemical measurements were performed with
a VMP3 multi-channel potentiostat and EC-Lab software from BioLogic Science instrument. All
electrochemical curves are available in the supporting information section. (Figure S-1 and S-2) The
experimental capacities were calculated from the mass of active material in the electrode, by integrating
the current, applied or measured, as a function of time, combining both the galvanostatic and
potentiostatic steps. The total capacity in % was calculated from the experimental values divided by their

respective theoretical capacities. (i.e.: 170mAh g for LFP, LFMP and 140mAh g for LMO).

Samples for chemical quantification were obtained by transferring the electrolyte into a 10mL
polycarbonate syringe and rinsing 3 times for a total of 5mL of anhydrous acetonitrile (Sigma-Aldrich).
Subsequently the samples where filtered with 0,02um pore size filter (Whatman Anotop) inside the argon
filled glove box. Samples were prepared in triplicates in Nalgene™ labware to avoid any side reaction
with HF or metal leaching that could occur with glassware. All dissolution experiments were conducted at

room temperature.



LFMP coin cell batteries were prepared using the same cathodes and separators as above, as well as,
0.75mm thick metallic lithium (Sigma-Aldrich) which served as the negative electrode. The geometrical

areas for the electrodes were 1.5cm?and 2.0cm? for the cathode and anode respectively.

Manganese and iron quantification: Standard solutions were prepared from 1000ppm manganese and iron
reference standard solution (Fischer Scientific and Spectro pure, respectively). All analytical
measurements were performed in triplicates for all solutions on a Varian Spectra 220Z with coated
graphite tube analyser (Agilent Technologies). Single element hollow cathode lamps were used for
manganese (AtomaxPerkin Elmer; A =279.5nm) and iron (SCP science; A = 248.3nm). All curves obtain
for GFAAS have a regression coefficient higher than 0.990. All confidence intervals were calculated at a
95% confidence level, using Student-t statistics. For manganese, an instrumental detection limit of 0.5ppb
was calculated with respect to the signal equal to three times the standard deviation of the background.
Since the minimum dilution factor for the sample preparations was 100 times, a 50 ppb detection limit
was obtained for the overall analytical method.

Note that the results in ppm reported in Figure 2 represent the mass of ions per mass of active material i.e.
the proportion of the active material dissolved in the electrolytes. Since the value of active material varies
between the different sample preparation and the electrolyte volume is always constant in our
methodology, reporting the results in ppm of active material is more representative of the effects of
electrolytes and oxidation occurring to the materials. The result in ppm i.e. mass of ions per mass of
electrolyte is presented in the supplementary information section for ease of comparison with literature

(Figure S-3).[20, 32, 33]



3. Results and discussion

3.1. Method validation

The GFAAS technique was chosen to measure the manganese content because of two major advantages:
1) the limit of detection for manganese is one to three orders lower than other spectroscopy techniques.
[37] The samples can as such be diluted further to yield a more reproducible matrix compared to other
techniques. 2) Low temperature preheating of the graphite furnace removes the organic solvents, followed
by a pyrolysis step to decompose organic materials in the sample before atomisation. Organic solvents
have been shown to present interference in other spectrometric techniques that involves sample transport
and droplet formation[38, 39]. Validation of the analytical method was performed using a series of

reconstituted samples as detailed below. (Table 1)

Table 1: Final ions concentrations for reconstituted samples

Samples Without Electrolyte  With Electrolyte A With Electrolyte B

[Li*] 0.9 ppb 2 X 106ppb 2 X 106ppb
[Fe?'] 2.1 ppb 2.1 ppb 2.1 ppb
[Mn*] 5 ppb 5 ppb 5 ppb
[PO+*] 12.2 ppb 12.2 ppb 12.2 ppb

[Counter ion] N/A 3 X 107 ppb 4 X 107 ppb
[EC:DMC] N/A 3% viv 3% viv
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Figure 1: Recovery for reconstituted samples with external and standard addition calibration

(single column fitting image, color online only and color in print is not required)

Using external standard calibration complete recovery for the reconstituted sample without electrolyte is
found i.e. the LFMP dissolved ions (Li, Fe, Mn and PQO,) are not interfering with the manganese signal at
the examined concentration range. However, there is a significant loss of manganese signal for the two
reconstituted samples where electrolytes A and B has been added. Given that the organics are evaporated
during the drying step of the analysis, this interference is most likely linked to the large concentration of
ions (Cmn~10° Celecrolyte) added with the electrolyte. Standard addition was therefore applied to provide
full recovery within the confidence interval for the electrolyte containing reconstituted samples. Matrix
matching was not attempted because samples will require different dilutions levels to ensure that the
manganese concentration is within the linear range, which would require individual matrix matching of
every standard to every sample. To evaluate the full range of the method, negative (LFP) and positive
(LMO) controls were prepared. Analysis of manganese present in the LFP and FP materials (Figure 2)
shows that the samples preparations are free from manganese that could have originated from the labware,
electrolytes, carbon additive, binder, instrumentation etc. Further, it shows that our choice of FP counter

electrode is not a source of Mn. The values obtained with the positive controls are the highest measured



manganese dissolution concentrations for all samples and represent the maximum validated range. The
lack of full Mn recovery in reconstituted samples containing electrolyte, using other techniques than
standard addition, shows the importance of providing full analytical method verification in other similar

future studies.

3.2. Characterisation of positive electrode materials

3.2.1. Effect of electrolyte composition

Water presence in a lithium-ion battery system is well known to wreak havoc cell performance. This is,
especially true when LiPFg electrolytes are used, since lithium hexafluorophosphate is in equilibrium with
lithium fluoride and phosphorous pentafluoride (Equation 1). The latter reacts readily with water to form
hydrofluoric acid (Equation 2). If enough water is present in the electrolyte, complete transformation into

hydrofluoridric acid and phosphoric acid is expected (Equation 3) [28, 30].

LiPF4 - LiF + PFs 1)
PFs + H,0 — POF; + 2 HF @)
LiPFs + 4 H,0 — LiF + 5 HF + H3PO, 3)

Similar reactions are not reported in the literature for LiClO4 electrolytes. We therefore speculate that free
H.O in the absence of an imposed oxidation potential will react with the anions of the solid and render
them soluble e.g. forming OH- with LiMn,04, concomitantly with dissolution of the cations in the highly
polar electrolyte.[40].

In this work two different electrolytes, one containing LiClO4 (electrolyte A) and the other one LiPFg
(electrolyte B) is used, while salts concentration (1M) and solvent (EC: DMC) remains unchanged. Water

and free acid contents are systematically higher in electrolyte B, but below 25ppm. Examining the



dissolved manganese vs electrolyte type, it is found that values for electrolyte B is systematically higher

compared to electrolyte A (Figure 2).
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Figure 3: XRD patterns for LFMP-1 and LFMP-2

(single column fitting image, color online only and color in print is not required)

XRD (Figure 3) indicate no above detection limit impurity phases, and structures that can be assigned the
orthorhombic Pnma olivine structure with cell volume and lattice parameters (a, b and c) within 0.5% of
previously published values (Figure S-4 in supporting information)[41]. Yet, comparison of samples
LFMP-1 and LFMP-2 show LFMP-2 to be more prone to manganese dissolution, independent of
electrolyte or electrochemical treatment chosen. This may be due to poor carbon coating [20, 32], particle
size differences, as well as, shape differences. Cracked or lack of carbon coating on the particles lead to
direct contact between the electrolyte and active material. This condition promotes dissolution until a
passivation phenomenon can be observed i.e. a film forms at the surface and inhibit further dissolution of
the material. SEM micrographs of LFMP-1 and LFMP-2 demonstrate particle size and structural
differences of the two materials. (Figure S-5 in supporting information) LFMP-2 exhibit smaller primary
and larger secondary particles when compared to LFMP-1. Considering that ball milling is use to prepare

the battery films, the secondary particle size is expected to be reduced greatly. Therefore the active



surface area should correlate to the primary particle size. LFMP-2 smaller primary particle size, suggest

this to be the origin of the enhance Mn dissolution when compared to LFMP-1.

3.2.2. The Effect of Oxidation

The Ox samples were prepared to examine the effect of oxidation of the positive electrode materials.
The integrated currents are commensurate with complete oxidation i.e. delithiation for all materials in
both electrolytes (Figure 4), and all materials containing manganese show a significant increase in

dissolution.
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This type of dissolution has been studied extensively in the lithium manganese spinel system, where two

different domains are proposed.[21-31] The first, is related to materials maintained at a low state of



charge i.e. low potential relative to Li/Li*. In this domain Mn** ions are thermodynamically unstable and
can proceed to disproportionate into Mn?* and Mn**. The Mn?* ions are prone to dissolve in the battery
electrolyte while the Mn*" ions remain in the solid phase. As the material is delithiated with increased
potential, the disproportionation prone Mn3* ions are transformed to Mn** ions. So for dissolution at
higher potentials, another mechanism must come into play. This mechanism is not yet fully understood,
but it has been shown that dissolution is proportional to the amount of hydrofluoric acid in the electrolyte
[28, 30]. In here, increasing manganese dissolution with the oxidation of the LMO material is also found.
However, an increase in dissolved manganese is found for both electrolytes tested, in spite of the fact that
electrolyte A based on LiClO4contain no hydrofluoridric acid, and very little free acid (< 2ppm). Further,
the LMFP process is distinctly different from LMO. First, the oxidation process increases the oxidation
from +2 to +3 and not from +3 to +4. So if the idea that Mn?* ions are more likely to dissolve in the
battery electrolyte is retained, the manganese dissolution should be independent or possibly hampered by
the electrochemical oxidation. The data however show that oxidation independent of the nature of
electrolyte leads to a profound increase in Mn dissolution (Fig. 2). The formation of hydrochloric acid has
been demonstrated by Doyle et al. for LiCIO, electrolyte at high potential (ref), and, Jang et al. reported
that the oxidation of the water in the electrolyte could occur on the carbon particles within the positive
electrodes thus leading to an increase in “free” protons.[21, 22] The amount of protons generated is
presumed to be proportional to the amount of carbon present in the electrodes and water in the electrolyte.
[21, 22] All the positive electrodes fabricated in this study contains the same amount of carbon, therefore
a difference in free protons produce by the oxidation must originate with the water contents. Importantly,
the LiPFselectrolyte contains twice as much water as the LiClO. one, and we find that the concentration
of dissolved Mn is proportional to this ratio. In addition to manganese, iron dissolution from LFMP
analysis was conducted. The theoretical ratio between manganese and iron in the two LFMP materials is
2.3 (horizontal line in Figure 5). The experimental results correlate within the confidence interval to this
ratio for suspension and oxidated LFMP samples. This strongly suggests that there is not selective

leaching of Mn from the material.
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To examine the effect of Mn dissolution on the performance of the LFMP samples, coin cell batteries
where prepared. The results show capacity fading to be more pronounced with electrolyte B than A
independent of LFMP sample (Figure 6). Further, LFMP-2, which is more prone to manganese
dissolution, generally exhibit higher capacity loss. Furthermore, the capacity fading stabilize after the first

two cycles suggesting that dissolution of material and degradation of the electrode has seized.
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4. Conclusions

In this work an analytical method with a low detection limit (50 ppb) for manganese ions in battery
electrolytes was presented. To assure statistical validity, all samples were prepared in triplicates with
confidences intervals calculated at the 95% confidence level. Due to the required low detection limit,
blank sample (LFP) was examined to assure that no manganese contamination took place during sample
preparation or analysis. The influence of common electrolyte contaminants, such as water and free acid,
was demonstrated to play a major role in the dissolution of the materials. Importantly, we establishing
that oxidation of the active material has considerable effect on manganese dissolution, showing that
ageing using suspensions without imposed electrochemical potential could lead to misinterpretations of
stability. Further, by comparing the amount of dissolved iron and manganese it was shown that there is no
reason to suspect selective leeching Mn from the structure of LFMP, which could have been a possible
origin of the poor rate performance. Further work will be focused on associating the amount of dissolve

manganese to the overall long-term performance of in the different LFMP materials.
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