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ABSTRACT

Cubic spinel LiMaO,4 has been studied for the reversible extractiobi bfrom natural
brine after the application of suitable electrodéeptials. In this work we report on the
insertion/extraction of Lifrom natural brine of Olaroz salt flat (Jujuy, &Argina) and
aqueous LICl solutions into/from 4iMn,0O4 (0 < x <1) to determine changes in the
crystal structure and surface composition upon telelsemical polarization. In
agreement with the behavior in organic electrolytes found that the insertion and
extraction of LT proceeds via a two stage process and that theaktrgsucture
undergoes two cubic phase transitions as thedattiexpanded or contracted. Contrary
to the behavior in organic solvents, no decompmsitayer is formed on the electrode
surface and the surface composition can be coatralith the electrode potential. We
also found that sodium cations present in natutiakebare not inserted into the crystal
lattice in the potential window explored, howevéey are adsorbed on the oxide

surface blocking Liadsorption sites and decreasing the rate ‘oéxchange.



1. INTRODUCTION
Since its birth several decades ago, lithium-iottebes have become the leading
energy storage technology in portable electronied alectric vehicles. Different
lithium intercalation compounds have been used ahode materials during its
development [1,2]. Cubic spinel lithium manganesel® (LiMn,O,4) has proven to be
one of the most promising cathode materials giverhigh theoretical energy density
compared to other intercalation compounds, lowdibxand low cost [3,4].
LiMn 0O, is a stable phase with half lithium content in decharge curve frotk-MnO,
to Lio,Mn,O4 [5]. Its crystal structure is an AJBD, spinel [6] from where lithium ions
can be reversibly extracted and inserted eithematadly or electrochemically without
changing the symmetry of the lattice [7,8]. Non&thse, a significant capacity fading
during cycling has been reported and attributedeweral factors. The abundance of
Mn(lll) within the structure in deeply dischargete@rodes could cause a cubic to
tetragonal transition phase due to Jahn-Tellerodienh, also Mn(lll) has a high
tendency to dismutate to Mn (IV) and soluble Mn) (ih certain non-agueous
electrolytes [4,9-12]. The loss of crystallinitydalack of homogeneity of the material
are also major problems [13].
The behaviour of LiMpO, electrodes in aqueous solutions has been studiaddsser
extent than in non-aqueous electrolyte. Howevensickerable research has been
conducted in the recent past when intercalationpmamds began to be used for lithium
recovery from brines or seawater [14-19]. Lithiuons in agqueous media can be
inserted and extracted topotactically into and fribm Li.,Mn,O, crystal lattice upon
application of an electrode potential with no deposition of the electrolyte upon
cycling [20]. We have earlier provided structuraldence confirming electrochemical

Li* ion exchange between the solid host and the solaiter total charge of LiViD;



and total discharge of LiMn,0O, (X - 0) spinel oxides in agueous LiCl electrolytes and
in natural brine. We have also shown that whikefthly charged electrode surface only
has Mn(lV) exposed to the aqueous solution, thé fdischarged electrode surface
contains equal amounts of Mn(lIV) and unstable Mp(TThis could make the material
more prone to dissolution as no protective surfager is formed in aqueous solutions.
This is in contrast to the behaviour in organiceldytes where a surface stabilization
layer of decomposition products is formed at thectebde/electrolyte interface upon
cycling [21,22].

Driven by the need of a faster, more efficient anglironmentally friendly process for
lithium recovery from natural brines, we have depeld an electrochemical method to
extract LICl from aqueous solutions in an electeltal reactor containing a lithium-
deficient Liy.xMn,O, cathode, which exhibited high selectivity for iitm ions and
stability of the system upon over 200 cycles [2B,2fthe electrochemical recovery of
lithium from natural brines involves the insertion extraction of lithium ions to or
from Li;.xMn,O4in the presence of large amounts of sodium ionkis dpens up the
question of the potential Nansertion into the lattice which could form a sgitype
NaMn,O4 phase known to be thermodynamically unstable [25dleed, spinel-type Li
Mm,0; (x —0) structures serve as a host for "“Nans that can be inserted
electrochemically in organic-based electrolytes.[2wever, sodium insertion brings
along a total structural change (from spinel tayefted phase) which has later been
proven to be irreversible [27]. We have previousdgynonstrated that Naons are not
inserted into Li,Mm,0,4 (x — 0) lattice in the potential window used for' linsertion

in aqueous electrolytes [28]. Furthermore, cycholtammetry (CV) and
chronoamperommetry demonstrated that the presenba’ohas a negative effect on

the kinetics of lithium intercalation in LiMn,O, electrodes [23,28]. This is in



agreement with our recent electrochemical impedapeetroscopy study carried out
during lithium insertion and extraction in aqueowsdia [29].

In the present work, we have studied the surfaceposition and structural changes of
Li;.xMn,04 (0<x<1) electrodes when lithium ions are inserted oraetéd in aqueous
media as a function of lithium loading (i.e. elecke potential or charge) using
electrochemical, X-ray photoelectron spectroscof) and X-ray diffraction (XRD)
measurements. We have studied the effect of thetretle potential on the surface
composition and crystal structure oflMn,0O, electrodes in the absence and presence

of sodium ions in solution during the insertion axdraction of lithium ions.

2. EXPERIMENTAL
Natural brine from Olaroz, Jujuy (Argentina) hasetveemployed with a chemical
composition analyzed by ICP: N415.600 ppm (5 M NacCl), K10.780 ppm (0.28 M
KCI), Mg** 2.618 ppm, Li 975-1280 ppm (0.18 M LiCl), and B 1.440 ppm.
LiMn,O4/Pt electrodes were prepared by thermal decompositf a LING and
Mn(NOs)3; mixed solution (Sigma Aldrich, Li : Mn molar ratad 0.5) on a Pt sheet. The
Pt substrate was coated with a thin layer of tHatiem which was first evaporated at
70°C, further heated in air at 650°C for 12 hs dimelly cooled down to room
temperature, yielding a thin layer of polycrystadlisingle phase LiMi®, characterized
by XRD and SEM.
The electrodes used in XRD experiments were prddayecasting a slurry of 80% w/w
LiMn,0, (Sigma Aldrich, battery grade), 10% PVDF (Sigmaidh) and 10% Carbon
Vulcan X-72 (Cabot Corp.) suspended in N-methylrghadone (Sigma Aldrich) onto
flat 1.3 cnf stainless steel plates and are labelled L4SS. The chloride reversible

polypyrrole counter electrode was obtained by ebettemical polymerization of an



aqueous solution of 0.1 M pyrrole/1.2 M HCI on kargurface area platinum mesh
(Goodfellow PT008710) under potential control atdivfing 1 hour. Aqueous solutions
of natural brine, 0.1 M LIiCl (Sigma Aldrich) and10M NaCl (Sigma Aldrich) were
used as electrolytes.

Electrochemical experiments were carried out ihrad-electrode undivided cell with a
LiMn,0O, working electrode, a Polypyrrole/Pt counter eled#r and an Ag/AgCI (in
KCI 3 M) reference electrode (all potentials herame quoted with respect to that
reference), using an Autolab PGSTAT 30 potentiogiattolab, Ecochemie, Holland)
equipped with Nova 1.10 software. Different staitésharge were achieved by partial
delithiation of LiMn,O4 (or partial lithiation of A-MnO;) by applying a constant
potential until the current was well belowA. In all cases, a meniscus was formed
with the electrode surface touching the aqueoustrelgte solution. After the
electrochemical treatment, the correspondingMn,0, (0 < x < 1) electrode was
rinsed with MilliQ water, dried with constant floaf pure N and finally examined ex
situ using either X-ray photoelectron spectroscOf§S) or X-ray diffraction (XRD).
XPS measurements were performed within an ultrabggluum chamber (UHV) with a
base pressure below 5f0mbar. The analysis chamber is equipped with a SPECS
UHV spectrometer system which consists of a 150 mean radius hemispherical
electron energy analyzer and a nine channeltroectiet XP spectra were acquired on
grounded conducting substrates at a constant pesgyeof 20 eV using a Mg K
(1253.6 eV) source operated at 12.5 kV and 20 mA detection angle of 30° with
respect to the sample normal. No charge compensaias necessary. Atomic ratios
were calculated from the integrated intensitiescofe levels after instrumental and
photoionization cross-section corrections. XPS spewere fitted using CasaxPS

processing software.



The x-ray diffraction patterns were obtained on HEMENS D5000 powder
diffractometer, Cu-i§ radiationA\=1.54056 A. The spectra were recorded oveBa 2

range from 15° to 90° with a step of 0.02° and antdime of 1 s/point.

3. RESULTSAND DISCUSSION

The morphology of the LiMyO, crystallites and their particle size distributionthe
LiMn ,04/SS electrode was inspected by SEM. Figure 1a siiwsvSEM micrograph of
a stainless steel electrode casted with the k@4rslurry. The particles corresponding
to LiMn,O, crystals are distributed in a carbon and PVDF earkackground.
Crystallites present an average size of 700 nm eli@mand a size distribution going
from 300 nm up to 1500 nm. The degree of crysi@fliof the LiMn,O,4 electrodes was
examined by X-ray diffraction (XRD) measurementguFe 1¢ shows XRD diffraction
patterns corresponding to (i) the LiMDW/SS electrode, (ii) the LiMiD4/Pt electrode
and (iii) a Pt sheet substrate. XRD peaks in difion patterns (i) and (ii) were indexed
as a cubic spinel structure (F3dm space group) withttice parameter a = 8.24 A
obtained from the @ position of a (h k 1) diffraction peak using theaBg’s law:

AvhZ+ K2+ 12

2sen6

a=
The calculated lattice parameters from (511) réfec resulted, confirming the
presence of a single crystalline phase withouta@rservable residual impurities for the
synthesized oxide. LiMi®, crystallizes in a stable spinel structure havimg general
formula A[By]X4 which can be described as a cubic closed-packadefrark of
oxygen anions located in the 32e positions of tBenk space group, with lithium

cations occupying the 8a tetrahedral sites and IMMMIn(IV) cations in the 16d



octahedral interstices, as shown in the polyhed¥ptesentation of the structure in

Figure 1b [30].

FIGURE 1 HERE

The surface chemical composition of the Li@#/Pt electrode has been characterized
by X-ray photoelectron spectroscopy (XPS). Manganissoften measured by XPS
following the Mn 2p signal as it presents a higlsensitivity owing to its larger
photoionization cross section. However Mn 2p isamplex signal with multiple
splitting of the core lines and a small chemicaftsiis a function of the manganese
oxidation state [31]. The manganese oxidation Statmixed valence oxides is also
measured with XPS following the Mn 3s photoelectsignal. In this case, the core
level line shows multiple splitting and the bindiegergy difference between the high-
and low-spin components can be correlated to thaive content of Mn(lll) ions.
Notwithstanding, when different Mn(lll)/Mn(lV) raids are present a broadening of the
low-spin component is observed, making it difficati determine accurately the
multiple splitting binding energy difference [32]Therefore, it is more convenient to
measure the changes in the manganese oxidatienfetltwing the Mn 3p core line
[31]. Given that the binding energy position of 8p peak changes with oxidation state
and that the 3 and 3p, doublet is not resolved then the Mn(lll) and Mn IV

components could each be fitted with a single jaak

FIGURE 2HERE



Figure 2a shows the XPS broad scan of a L®WPt electrode. The main signals are
due to Li, Mn and O as expected, however we cam @ltserve signals due to the Pt
substrate and to a low content of adventitioud\©Gte that there is no evidence of Cl or
Na on the surface. Figure 2b shows the Mn 3p arig kegions of the spectrum. In the
spinel environment the Li 1s signal appears at \34vbereas Mn3p presents a broad
peak centred at 49 eV. The low sensitivity factar lfi 1s (25 times smaller than the
Mn 3p factor) hindered the determination of thailitn surface content in 1LiMn,0,
cathodes at different values of x. As shown in Fégeb Li was only observed in the as
prepared electrodes whose surfaces are lithiumasck has been reported elsewhere
[33]. As discussed above the Mn3p signal was fittedh two components
corresponding to Mn(lll) and Mn(lV) centered at 4év and 50.3 eV respectively
[31,33,34]. This resulted in a surface compositrath 49% of Mn (lll) and 51% of
Mn(lV) in excellent agreement with the expected Mp(Mn(lIV) 1:1 stoichiometry in

LiMn 204.

Lithium ions can be gradually inserted from brimgo the Ly \Mm,O,4 (X - 0) spinel
by applying a constant current or potential to fdimMn,O,4 (0 <x <1). This process
can be reversed extracting’liobns from LiMn,04 into a LiCl recovery electrolyte by
reversing the current. The lithiation process can rbpresented by the following
reaction:

2A-Mn"0, +xe” +xLi* - Li,Mn{"Mn{J_;0, (0 <x < 1)
Further lithium insertion into LiMgO, is known to cause Jahn-Teller distortion due to
the presence of unstable Mn(lll) (electronic coufiion d) in octahedral
environments, which leads to an irreversible fosler transition phase from cubic to
tetragonal to form LLMn,O, by displacing the Li ions from the tetrahedrattie vacant

16c¢ octahedral sites [3,35,36].



FIGURE 3HERE

Figure 3a shows a cyclic voltammetry (CV) of thiade performed in natural brine
containing 0.18 M LIiCl and in 0.2 M LiCl at a sceate of 2mV/s using LiMgO./Pt
electrodes. In agreement with the measurementgnebtaising organic electrolytes
[3,6,36,37], the CV in aqueous media also exhibits anodic peaks (at 0.90 V and
0.75 V) and their corresponding cathodic countdsp@.71 V and 0.85 V), which are
assigned to two stages in the kixtraction/insertion processes [6]. Notice theléen
charge and shift towards higher potential in natbrae with respect to LiCl solution
of similar Li* concentration. Figure 4 shows that the integratetrge for surface the
Mn"/Mn"' redox couple decreases as the NaCl concentratimeases in LiCl+NaCl
solutions with a minimum value for natural brinehig will be further discussed in
terms of sodium adsorption and blocking of lithiaafsorption sites as it resulted from
kinetic measurements [29]. The shift to highereptialls is due to the activity of LiCl

in natural brine.
FIGURE 4 HERE

Figure 3b exhibits the evolution of potential dgrione cycle of Li extraction/insertion
(black/red curve, respectively) ofiLiMn,Oy in brine at a constant current_ of + 50Q.

As expected the charge corresponding to the ekdraand the charge corresponding to
the insertion, depends on the initial state of gharfurthermore, the galvanostatic
curves of charge and discharge of Mn,O4 show two plateaux in the 0.95x< 0.63
and 0.41 <« < 0.19 composition ranges. Topotactic lithiumragtion from LiMn,O4

(or insertion intaA-MnO.i.e.x - 0) takes place with isotropic shrinkage (or expamysi



of the crystal lattice retaining the original cubsgymmetry. Nevertheless, while
extracting or inserting LCj the crystal structure undergoes several phassiti@ns
between different cubic structures depending onlitheim content [38]. In-situ X-ray
studies demonstrated that two phase transitiongrdzstween three cubic phases [39].
One phase is present &tl while two phases coexist in the range 0.68%. The
second phase is unique for 0.586«0.65, while a third phase emerges and coexigts wi
the second phase in the range of 0.240.55. The third phase at the end of lithium
extraction corresponds to the fully delithiated IMm,O4 (x — 0) crystal structure.
When homogeneous lithium extraction takes placehamnge in the free energy of the
solid should be observed causing the electrodenpateio vary. On the other hand,
when two different phases coexist, the potenti@xpected to remain constant as the
composition changes giving a flat voltage platgathe charge/discharge galvanostatic
curves [40]. In Fig. 3b two stages are observedtcéonposition ranges 0.95x< 0.63
and 0.41 <« < 0.19 with sloped plateaux due to non-idealityhi@ solid solution which

arise form interactions.

Structural changes due to topotactic lithium extoaéinsertion from/into Li,Mn,O4 (0
<x < 1) crystal lattice are evidenced as a shift in Xpgaks due to the contraction /
expansion of the unit cell. Figure 5a shows theiaxXRD diffraction pattern in the62
region from 57° to 61° (Cu-&) corresponding to the (511) diffraction peak. Peakb
and c correspond to aiLMn,0O, electrode with compositions=1, x=0.5 andx -0
respectively. The Li composition was modified aftehour polarization in 0.1 M LiCl
(Fig. 5a) or natural brine (Fig. 5b) at differemdtgntials (0.6 V for peak a, 0.85V for
peak b and 1.1 V for peak c). As expected, thedrigie lithium content in the spinel,
the more shifted the peak towards high@wralues the peak is, confirming the insertion

of Li*ions within the bulk structure of the oxide. Wenazlculate the LiMyO, unit
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cell lattice parameter from thé position of the (511) diffraction peak. The caateld
lattice parameters are 8.24 A for the fully litieidtstructure (x=1), 8.16 A for the spinel
with half lithium content (x=0.5) and 8.04 A foreth.i;,Mm,O, (x — 0) phase. These
values are in close agreement with the reportedegafor the three cubic phases
observed in Li,Mn,0O,4electrodes in organic electrolytes [13,39]. Thada parameter
cannot be varied continuously as the Li contenhalified, instead the spinel crystal
undergoes two first order cubic phase transitiomsind charge and discharge.
Therefore, the determined lattice parameters caasbigned to the three different cubic

phases [41].

FIGURE 5HERE

Lithium rich natural brines have a Li content up2® times smaller than the sodium
content. Therefore, the possibility of Nan insertion into the oxide structure must be
considered. We have attempted to insert g polarizing a fully delithiated Li
«Mm 0, (X - 0) electrode at 0.6V for 1 hour in a 0.1 M NaG@attolyte. The resulting
XRD measurement is shown in Figure 5 (peak d). gdwtion of the (511) diffraction
peak does not exhibit any change with respectdg#ak due to the lithium free spinel
(peak c). Clearly, no structural changes take pédtar cathodic polarization in a NacCl
solution and therefore no Nénsertion into the crystal occurred at the potndi Li*

insertion.

FIGURE 6 HERE
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The lack of Na insertion into the spinel crystal was also obsgregkectrochemically.
Figure 6 shows CVs of a fresh LiMdy cycled in a NaCl 1 M solution. The two typical
anodic peaks are only observed during the firstegyiadicating Mn(lll) oxidation to
Mn(lV) and the consequent lithium leach from thgstal lattice. In cycle 2 the anodic
peaks decrease in intensity and shift towards Iqva¢entials, whereas in cycle 3 they
completely disappear. Most of the lithium contefttlee spinel that was extracted
during the first cycle diffused into the solutioar ffrom the electrode and cannot be
reinserted back due to a very low concentrationt 8small fraction of the lithium
extracted in the first cycle remained in the doubler and was reinserted within the
crystal in the following cycle, yielding one smalthodic peak around 0.70 V, which
disappears in the subsequent potential sweepse 8iecdNa ions in solution cannot be
inserted in the crystal structure as we have shawave no redox activity for Mn ions

in the oxide is observed after cycle 2 resulting itat CV.

FIGURE 7HERE

Li* insertion into the crystal is accompanied by thduction of Mn(1V) to Mn(lll)
which could be reflected on the surface compositibthe spinel. Therefore, we have
performed XPS measurements to determine the Mn@hd Mn(lV) surface
composition as a function of Li composition in the.,Mn,O4 crystal. Figure 7a shows
the Mn 3p XPS spectra of x¥Mn,O4/Pt electrodes after 1 h polarization at different
potentials in 0.1 M LiCl solutions. Specificallyplarization was carried out at 0.6 V
(fully discharged), 0.75 V, 0.85 V and 1.1 V (fultyharged) which correspond %1,
0.7, 0.4 and O respectively. Initially the elediowas fully discharged+£1) and the

surface contained around 49% Mn(lll). Subsequérdtechemical lithium extraction

12



obtained by increasing the electrode potentialltedun a continuous decrease in the
Mn(lll) component of Mn3p XPS signal until it congpé vanishes when the electrode is
fully charged %=0). At this point all Mn(lll) is oxidized to Mn(IY. Complementary
the Mn(IV) component increases linearly with eled& potential during the charge
process as shown in Figure 7b. The above reduis that the Mn(ll1):Mn(1V) surface
composition can be controlled with the electroddeptal and that there is no
preferential surface segregation of any of the atkah states of Mn. We should note
that the LixMn,0O, electrode surface composition was retained aftenmg the circuit
once the electrochemical treatment was finished rantbving the electrode from the

aqueous electrolyte for ex-situ measurements in UHV

The exposure of surface Mn(lll) to aqueous solioepresents a potential problem.
When non-aqueous electrolytes are employed a suldger of decomposition products
is formed. These passivation films are an esdentimponent for the successful
cycling of Li-ion batteries as they are a good ioin conductor which prevents surface
Mn(lll) from getting in contact with the electrob/tavoiding dismutation into Mn(1V)
and soluble Mn(Il) [42]. However, our XPS measueats indicate that no surface
layer is formed when cycling LiMi®, in aqueous media. Thus, Mn(lll) rich surfaces
in contact with an aqueous electrolyte could resulthe unwanted loss of Mn. We
have therefore discharged and charged Li®nin agueous solutions 55 times in 72
hours and found that only 0.17 % of the initial Mrthe electrode is lost to the solution.
This result is in good agreement with the loss agfacity with the number of cycles
shown in Figure 8. The electrode losses 15% ofriti@al capacity in the first 20 cycles
and then the capacity remains approximately cohsfdns is, capacity fading is not
due to the very small loss of Mn into the soluteomd could be due to changes in the

morphology of the film that modifies the electroaetarea.
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FIGURE 8 HERE

We have shown above that Nins are not inserted into the bulk structure of L
«Mn>O, however they could still adsorb on the electragitase blocking Li adsorption
surface tetrahedral sites. The integrated chargdencyclic voltammetry (Figure 4)
decreases with the increase in NaCl concentrafigures 9a and 9b show Mn 3p and
Na 1s XPS spectra of a ;LMn,O, electrode surface before and after 1 hour
polarization in a 0.1 M NacCl electrolyte at 0.6I¥itially, the fully delithiated electrode
contains only Mn(1V) and has no sodium adsorbederAthe electrochemical treatment
Na is adsorbed on the surface. Here we shouldthateno chloride anions are observed
on the surface, thus ruling out a non-properlyathglectrode surface as the source of

sodium cations.

FIGURE 9 HERE

Furthermore, the appearance of sodium cations erstinface is accompanied by the
appearance of Mn (lll) due to the electrochemiealuction of the surface due to the
applied potential. Therefore, we conclude that Mas at the surface compensate the

positive charge in the surface Mn(IV) to Mn(lll)dwction.

FIGURE 10 HERE

The above results indicate that Nmns could compete with Liions for surface
adsorption sites and this could also decreaseateeaf lithium intercalation in LiCl

solutions. Figure 10 shows CVs of a LipM electrode in a 0.1M LiCl electrolyte

14



carried out before (dash line) and after (full Jimgcling the electrode in a 0.1 M NaCl
electrolyte. The charge calculated from the CVgraged current after cycling in 0.1 M
NaCl dropped by 50% with respect to the initial rgjea Here we should note that the
initial charge could not be recovered even aftecyidles in 0.1 M LIiCl. These results
could be rationalized as discussed above, sodiumnesairreversibly block lithium
adsorption sites lowering the rate of limtercalation. Furthermore, peak separation for
both the anodic and cathodic peak pairs increasediraline with slower kinetics. This
agrees with our recent electrochemical impedaneetsygscopy results which show that
the charge transfer resistance increases with ascrg the NaCl concentration in the

electrolyte [29].

4, CONCLUSIONS
Li* ions in aqueous solution can be reversibly ingégtdéracted into/from Li,Mn,O4
(0<x<1) electrodes upon the application of suitable tedele potential. The
insertion/extraction of Lifrom natural brine or LiCl solutions proceeds si&wo stage
process and the cubic spinel undergoes two revergliase transitions as the lattice is
contracted/expanded. In agreement with the behaviorganic electrolytes three cubic
phases with 8.24 A, 8.16 A and 8.04 A lattice patars are observed. Contrary to the
behavior in organic electrolytes, no surface decwsitpn layer is formed. The
electrode potential controls the surface Mn(lll)\4) composition. There is no
preferential surface segregation of one particMaroxidation state instead the Mn(1V)
concentration increases linearly with electrode eptél (Li* extraction).
Electrochemical polarization in the presence of Masolution does not result in the
insertion of N& into the crystal structure. However, Nadsorbs at the electrode

surface blocking Liadsorption sites and thus lowering the rate fihsertion into the

15



lattice. Repetitive insertion/extraction cyclesuked in the small loss of Mn into the
electrolyte solution (0.17 % after 72 hours). Hfere, practical use of LiM®, to
extract Li' from seawater or natural brines would require asising this small loss of
Mn upon cycling.
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Figure 1. (a) Scanning electron micrography of the staint#ssl electrode casted with
the LiIMnyO; slurry. (b) Polyhedral representation of spindfihyO, crystal structure.
(c) X-ray diffractograms of (i) the stainless steldctrode cast with the LiM@;, slurry,

(i) the LiMn,O4/Pt electrode and (iii) a Pt sheet substrate.
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Figure 2. XPS analysis on the as prepared LgPt electrode. (a) XPS broad scan
exhibiting the expected signals and a small sifmeh adventitious C. (b) Mn 3p and
Li 1s XPS signals. Mn 3p has been fitted with tvaemponents due to Mn(lll) (blue)

and Mn(1V) (red).
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Figure 3. (a) Cyclic voltammetry of LiMpO,/Pt electrode in 0.1 M LiCl (black) and
natural brine (red) at a scan rate of 2 mV-@) Galvanostatic charge (red) and
discharge (black) curves of a LiMD,/Pt electrode in natural brine at a constant ctirren
density of + 5QuA/cm? in natural brine. The areal loading obtained bygive

difference was typically 15 mg.c¢m
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Figure 4: Normalized voltammetry charge to the charge inaieence of sodium ions
in the electrolyte vs. concentration of sodiumha tiCl + NaCl electrolyte
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Figure 5. X-ray diffraction patterns of a stainless steek#&lode cast with the {Vin,O,
slurry in the B region from 57° to 61° (Cu4, where (511) peak appears. Peaks
indicated as (a), (b) and (c) correspond to diffestates of charge represented with the
x value and reached after 1 hour polarization deiht potentials: 0.6 V for peak (a),
0.85V for peak (b) and 1.1V for peak (c), in LICLOM. Peak (d) corresponds to the
resulting pattern after 1 hour polarization of tedithiated structure of peak (c) at 0.6 V

in 0.1 M NaCl. Right: Lithium insertion from natditarine.
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Figure 6. Cyclic voltammetry (3 cycles) of a LiM@./Pt electrode in a 1 M NaCl

solution at a scan rate of 2 mVt.s
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Figure 7. (a) Mn 3p XPS signals of a LiIM@®./Pt electrode at different states of charge
represented with the value and reached after 1hour polarization at ittigcated
potentials in 0.1 M LICl. Mn 3p has been fitted lwitvo components corresponding to

Mn(lll) (blue) and Mn(1V) (red). (b) Surface Mn\() percent vs. applied potential.
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Figure 8. Capacity fading of LiMn,O,/SS electrode cycled in 0.1 M LiCl between 0.5

V and 1.05 V at a constant current of + %00Q
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Figure 9. (&) Mn 3p and (b) Na 1s XPS signals of an iniidlilly delithiated A-
Mn,O,4/Pt electrode (i) before and (ii) after 1hour pation at 0.6V in 0.1M NaCl. No

evidence of chloride anions on the surface wasdoun
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Figure 10. Cyclic voltammetry of a LiMpO4/Pt electrode in 0.1 M LiCl at a scan rate

of 2 mV-s* after cycling in 0.1M NaCl (solid line) or in tlesence of sodium (dashed

line).
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