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Effect of carbon content andannealingatmosphere on phase purity
and morphology ofLi-MnSiO4 synthesizedby a PVA assisted Sal

Gel method
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®Departmenbf Materials Science and Engineering, Norwegian University of Science and
Technology,
7491 Trondheim, Norway

Abstract

Lithium transition metalorthosilicatesof the general formuld.ioMSiOs have gained great
interest as potential positive electrode matefor Li-ion batteries.This studyreports the
dependence gbhase purity ananorphologyon heat treatment atmosphere and the amount of
cornstarchas carbonization agent during a PVA assistedgaisynthesis of narsized porous
LioMnSiO«/C compositesAll samples were indexed to the orthorhombic Popd@ymorph, but
sampleswith carbon contest less than €6 showed traces of the second orthorhombic
polymorph PmnbHighest phase purities and a desired porous sa®ml morphology were
obtaine@l when heat treatments were carried out i 34 and cormstarch amounts were
O25wt. %. Powders with varying carbon amosiwere produced and the electrochemical
performance was determined by galvaatisicycling at different current densitieSamplesith

a cornstarch amount of 25 w& offered the higheshitial dischargecapacity of155mAhg? at

a current density of 3 mAg
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1 Introduction

Since the discovery of LiFeR@s a cathodmaterial for Liion batteriedy Padhiet al in 1997

[1] polyanion based materials gained great attention as potentiah Libattery cathodes.
Furthermore, polyanion based materials also reveal materials which in theory allow Li
extraction/insertion beyond ore ion per formula unitOrthacsilicateswith the gaeral formula
LioMSiOs4 (M = Mn, Fe, Co) couldn principle deliver two Li ions per formula unigiving
theoretical capacitiesp to333mAhg?. This is assuming thahe transition metal possesses two
redox couples within theotential window of a L-ion batteryand that the structure does not
collaps€g 2, 3]. Dominkoet al.first reportedonthe synthesis dfiMnSiO; later called LMSas a
promising candidatéor Li-ion cathode material[4]. LMS can in theoryextract/insert beyond 1

Li per formula unit 81ce manganese can undergo reversible redox reatteiweernt+2 and+4.

A challenge is the structural instability during cycling, whinlght becaused by a Jakreller
distortion ofthe tetrahedrally coordited Ar 3d* ion Mn3* [5]. This might be eliminated by
nanostructuring or implementing stabilizing dopantsHowever, in orderto apply adequate
doping strategies the synthesis of the mother compound LMS must be optimized with regard to a
desired morphologyand a minimum of parasitic secondary phaddereover, ageneral
drawback of thevrthosilicateds the rather low electronic ard ionic conductivites Electronic
conductivity values reported in literature are at®wut 10  Scm’ tat 60 °C[6]. This very poor
conductivity value which at room temperature is even about two orders of magnitude, lower
needs to be overcome by applying a conductive codergy carboh At the same time the

particle size must beeduced to limit the mean diffusion lendtr Li ions[6,7].
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The syntlesis and properties of LMS wagcently reported bydifferent synthesis methods.
Values in brackets give the initial discharge capacity reported and the according refArence:
solution route (210 mAdi! [8]), the Pechini method (185 mAhg! [9], 110 mAhg' [10],
147mAhg? [11]), sokgel (181.6 mAHy? [12], ~190 mAhg? [13]), polyol method(132 mAhg!

[14]), solid state synthesis (160 mAh[L5]) and molten carbonate synthesisgmAhg![16]).
ReportedPechini solgel synthesesire based on acetate precursors whiebtras buffer in a pH
range of 45 which is unfavorable for the hydrolysis of TEOS. Furthermore, thkga long

time, up to 8 days including an ageing step and use technicgmpod such as poly-
vinylamide [9, 10, 11]. Also other technical substances such as lactones and phenolic resins are
used as carbon sourdd2, 13].

Here wereport on a simple wet chemical approach, namely agidic PVA assisted sgjel
method using metal nitrates and TEOS as silicon precursor with subsequent carbothermal
reductionusingsimplecornstarch an@n Ar/Hz atmospheras reducing agesitTherather quick
synthesis yields namsized LMS particleswith high phase purity,aggregated in a pous
manner.Residues ofPVA andthe introduced corsstarchwhich was incorporated in amounts
from 0 to 50 wt %, providea carbon coating on the LMS patrticles (LMS/C composite) and thus
enhance the electronic conductivity.contrast to many other studies the secondary phase

not only indexed but quantified in order to gain information about the influence of atmosphere

and carbonizing agent on the phase purity of LMS.
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2 Experimental

2.1 Material synthesis

The acidc, PVA assisted kMnSiOs sol-gel synthesis described in this work basel on a
LioFeSiQ sol-gel processeportedby Zhouet al [17]. with optimized parameters for LM$.03
mole Mn(NQOs)2 * 4 H.O (Merck Ensure for analysis 98%) and 0.06 mobried LINGs (Alfa
Aesar 99 %) were dissolved in 261L deionized HO and the pH was set to ~1.5 by adding
HNOs (Si gma Al d% pra Analy§). 03 mol etraethyl orthosilicatéd TEOS) (VWR
99 %) were dissolved in 2L EtOH and added to the -Mn soluion under vigorous stirring.
The pale pink solution was stirred for 20 min at room temperature, before 1.14 gIRya(
Aldrich Mowiol 10-98, My = 6100Q dissolved in 20 mL wsadded. The pH of the solution was
~2.5. To ensure complexing of the metaliaad, the solution was stirred forhlin a closed
beakerat 60°C, and therevaporatedt 60°C for 6 huntil gelationoccurred

The formed gel was aged for B2in a closed Ar filled beaker before it was dried fdn 4t
130°C. The dried gel was grourashd calcined for h at 450°C in air or in95% Ar 5% H;later
calledH-Ar-mix-5to combust the nitrates and parts of the organic residdies.the calcination
the LMS precursor was mixed with different amounts of «danch(Carl Roth GmbH & Co.
KG for laboratory usef0-50 wt %) as carbon sourcd&n EtOH baseduspensiorf the LMS
precursor and corstarch was intensively mortared till dryne$he final heat treatmeffior 10h

at 700°C was performed irAr or H-Ar-mix-5. A flow chart summarizing the synthesis with

optimize parameters is shownkhig. 1.
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Fig 1. Summarizing flow chart with optimized parameters for the LMS and LMS/C

synthesis

2.2 Characterization

Powder Xxray diffraction patterns were recorded orBauker D 8 Advance DaVinci with a

LINO, anhydrous Mn(NO,), .4 H,0

12 h vacuum
drying at 90°C

Li* Mn®

TEOS mtra.te
solution

Li* Mn** %
transparent
solution

TEOS EtOH sol. Stirring at
\L room temp.

Setting pH to
1.5 with HNO,

PVA sol.

Stirring at
60°Cina

closed beaker

Li* Mn2 i+
complexed
solution

Evaporation
at60°C

Li-Mn-Si Gel

Mortaring }—%
Li-Mn-Si dried
precursor Calcination
forLhat
450°C in 95%
Calcined Li-Mn- AT

Siprecursor

Wet mixing with a given
amount of corn starch
{Applies 10 Li;MNSi0, /C compasites]

Drying for4 h
at 130°C

Heat treatment
for 10hat

Li,MnSi0, or Li,MnSi0,/C
composite respectively

700°C in 95% Ar
5% H,

LynxEye Xe detector working in BragBr ent ano

using Cuky and MoKy radiationf r o m  271U5° and %75°, respectively. Lattice parameter
calculations full pattern refinementand quantifications of secondary phasépowder xray
diffraction patterns recorded using Mokadiationwere done with the software Top@ruker

AXS Version 4.2). The peak shape was refined using a PSénido approximation (PV2). Té

(U/ 2U) geometry.
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atomic positionsiot fixed by the geometry of the spagp@upPmn2 were allowed ta@onverge,
starting with the heaviest element. Refined parameters were used to quantify the phase fraction
of powder diffraction patterns recorded using GQuHdiation. Herea fundamentaparameter
approach was used to fit the peak shape.

Surface area and porosity data were measured by nitrogen adsorption on a Micrometrics Tristar
3000.Powders were dried at 280 for 12h in vacuum prior to analysié\ total of 94 points
were measured fahe adsorption/desorption isotherms.

The carbon content was determined withEtra CS 800 elementary analyzer. Morphology
investigations were carried out by transmission electron microsd@&y analysis was done on
a double G corrected cold field emission gun JEOL JENRM200F operated at 200 kV,
equipped with a large solid angle Centurio SDD (Silicon Drift Detecteoy. microscopy
investigations, He powders were dispersed in isopropanol andcatedfor 20 min. A small
dropet of the powder/alcohol suspension w#scpdon an amorphous carbon coated Cu TEM
grid.

Assessmentof electrochemical properties was done by galvanostatic clilisgearge
measurements between 1.5 arsiM.and 1.5 and 4.8 at 24°C using a Maccor 420@CR2016
coin cells were assembled in a glove box (dry Ar atmosplsiay LMS or LMS/C as cathode,
Li-foil as anodeand aCelgard 2400 film as electrode separator. The electrolyte consisted of 1
LiPFe( Al dr i c Bb) d3sol9edl in @ 8:7 volume ratad ethylene carbonate (Sigma %9
and diethyl c a r %).oForacatieode (fahricationj toehacti@&tedia] LMS or
LMS/C respectivelywas mixed with 1Qvt. % conductive carbon (Super P) andits % PVDF
(Kynar, reagent grade) as bindBiMethyl-2-pyrrolidone(NMP) (Sigma Aldrich > 9%0) was

added asolventand a slurry was formed by ball milling on a RETSCH mixer mill in a stainless
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steel container. The slurry was tape casted on Ala®iturrent collectoand dried for 1% at
90°C in a v&uum oven.Cast thicknesses were about2®  &apacities are reported with
respecto the mass of LMS or the LMS/C composiiée charge rate C was definasl a current

density of 330 mg*=1C.

3 Resultsand discussion

3.1 Influences of thatmosphere and corstarch amount on the phase purity

All obtained dried gels were amorphous but showed minor LiN@ecipitates in the XRD
patterns which are shown in teepporting materiallThe weight loss during calcination fitAr-
mix-5and in air wa measured to bapproxmately 37 wt. %.The phase purity of the resuig
LMS/C showeda strongdepen@nceon the p. during the heat treatmentgich is dependerdn

the gascompositionand the cornstarch content. Best results were achieved when both heat
treatments were carried outhhAr-mix-5and initialcorns t ar ch cont e PILBIS wer e
adopts L$PQy structures and is reported to exist in two orthorhombic and two monoclinic
polymorphs, amely Pmn2 Pmnb, P2n and Pri4, 18, 19, 20]. All samples were indexed to the
orthorhombic Pmn2polymorph of LMS.Secondary phases presémt LMS and LMS/C with

low carbon contentvere Li2SiOs, Mn2SiOs and MnO, LMS/C sampleproduced withcorn
starch amo u. showedfmin® ISXCs antl MnO impurities The different heat

treatment parameters and catarch content of a sample seriePAare given in table 1.

(
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Table 1: Heat treatment atmospheres and carbon source amount of sareplAD

Sample Calcination Corn-starch [wt. %] Heat treatment
atmosphere atmosphere

A Air 30 Ar

B Air 25 H-Ar-mix-5

C H-Ar-mix-5 25 Ar

D H-Ar-mix-5 25 H-Ar-mix-5

Fig. 2ashows the phase compositioh the corresponding samplds can be seen in the next
sectionthat 30wt. % cornstarch in powder A yields a similar carbon content in the final powder
as25 wt. % in powder D Although the error of theses quantifications might be as large/as 5

clear trends in increased phase purity @vserved Furthermore quantified dataof sample D

using MoKy and CiKp radiationis in agreementwhich indicates the accura®f the values.
Calcination inH-Ar-mix-5 is believed to hindeparasitic Mn oxidation and the formation of
multivalent Mn oxides that need to be reduced during the finaltrestnentXRD patterns of

the calcined precursors showed some crystalinity but were mainly amorphous and are shown in
the supporting materialFig 2b shows thephase fractiorwith regard to the added cestarch
content fromO to 50 wt. % for powdersampleswvhere both heat treatments were carried out in
H-Ar-mix-5. It has to be mentioned that tekeown phase fractions refer to the crystaljpag of

the samples and disregard the amorphous carbon coBtanples containing 10 and 2. %
cornstarch were not synthesized and the quantification of a sample contaimhdg/® corn

starch was disregarded due to an unidentified secondary gheesghase purity ofall samples

with added corsstarch amounts of 2bt. % and more isiigher than 9%t. %. The difference in

phase fraction of samples with added eerh ar ch amount O 25 wt . % i
range of Rietveld based quantificatioirsaddition,an increase in the amorphous carbon content

caused by addition of more cestarch in the synthesis will reduce the signal to noise, rttis
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it cannot be concluded if there is a significant difference in phase paoritprnstarch amounts
of 25 wt. % or higherSamples containing less corn starch showed lower phase puritiéiseand
appearance of aecond orthorhombic LMS polymorplPranb). This polymorph shows aU
diffraction peak at about 30.6inderC u Krddiation which is ofterdisregaded orconfused
with a Mn;SiOs secondary phase which shows a peal&f ° 2J. As a result significant
amounts of Pmnb phases may be present in samples claimed to be indexed:1tflPd325].
Powder XRD patterns of sampleslcined and reducedd H-Ar-mix-5with varying cornstarch
content are given irFig. 3. The calculated carbon content is based on carmment
measurements shown in the following chaptart b shows a full pattern refinement using
MoK yradiation, the corresponding latticergaeters for therthorhnombic Pmn2unit cell were

a =6.3062 A, I 5.3844A and c =4.9656A and are in agreement with data from literatise

All further presented results are based on LMS and LMS/C powders synthesized with optimized

parameters whetgoth heat treatments were carried outi#r-mix-5.

o LiMnSiO, & Li,SiO, v MnO

100 100
=) °© ]
S 954 a) o 195
¥ 904 o o 190
'E' 85 4 A: 30% starch,calc. in air, reduct. in Ar _ 85
o L B: 25% starch, calc. in air, reduct. in 5% H, L
"g 10 C: 25% starch, calc. in 5% H,, reduct. in Ar 10
= i D: 25% staK:h, calc. in 5% H,, reduct. in 5% H, |
% 54 X A 15
©
= VAN 1
o o T T T f 0

A B C D

Sample series
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180 Fig. 2: a) Phase composition for different heat treatment atmospheref) Phase fractionfor

181 different starch contents at optimized synthesis parameters



182

183

Intensity [a.u.]

0 Mn_SiO,  « unidentified phase
ad) xLiSio, EmMno . Pmnb
50 % starch
W
45 % starch C content 22 wt. %
40 % starch C content 18 wt. %
5
‘E' 35 % starch C content 16 wt. %
=
2]
c NV Y, WDV
9 30 % starch C content 12 wt. %
k=
25 % starch C content 8 wt. %
15 % starch C content 4 wt. %
C content ~ 2 wt. %
00 % starch C content 0.2 wt. %
| [N I e O A A Y O O O AR T
T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75
Position 2 [3]
b Li,MnSiO, + 25% starch Mo Ka radiation Observed
) EMnO R,, = 4.144 — gf—,f\;cmated
) Li28i03 Irrerence
O O oy e
T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70

Position 2Q[°]

75



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

Fig 3: @) Powder XRD pattern (CuKuyradiation) of LMS/C synthesized with optimized
parameters and different cornstarch contents.Residual carbon content is givenAsterisk
marks the unidentified secondary phase in the 5% sampl®) Full pattern refinement

(MoK gradiation) of a LMS/C sample

3.2 Morphology and carbon content

The PVA assisted s@el synthesis with additional gel ageiwgsperformedto obtain a strong

gel network which does not collapse and yiglorous nanastructured materials with high
surface areadHydroxyl groups of the PVA camn addition to bridging to polymerized silanol
groups of the networlcomplex the metal cations and thus strengthen the netWwavias shown

for LioFeSiQ, a very similar compoundhat the addition of a complexing/bridging agent (PVA)
during a sol gel mthodis essential to obtain a naporous structurg21]. The ageing for 72 h
under Ar atmosphere was performed in order to gain further structural strength by syneresis and
further bond formation. The aged gel can withstand the capillary forces duying dnd keep a
porous structurgl17]. Ar atmosphere was applied to hinder parasitic reactimeteveenthe
expelling liquid and oxygen from the atmosphere

The initial cornstarch content showed a strong influence on the resulting morphology of the
powder.The residual carbon content lof1S/C compositesvith varying amounts of corstarch

(heat treated irH-Ar-mix-5) was measured with an elementary analyzer. Also three different
LMS/C samples heat treateid Ar were measured. The results are shawnFig. 4. An

exponential growth fifor the samples heat treatedHrAr-mix-5is added aa guide for the eye.
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Fig 4. Carbon contert of LMS/C samples heat treated irH-Ar -mix-5 and in Ar respectively

Fig. 5ashows the surface area dividetb micropore araand external areaccording to Iplot

theory R2, 23 for powders with the corresponding isotherms in the insEne sum of
micropore area and external area is equal to the BET surface area. In thibecasesentation

of just the BET surface area without further differentiation would be inconvenient, since
micropores are by definition smaller than 2 nm and thus inaccessitdenplexed Li ions [17].
Here the external area is the surface area thattigttributed to micropore®y dividing the
surface area in micropore area and external area the accessible surface areafosadbEhie
gives a more meaningful presentation of a porous electrode surface Taegowder
morphology for corsstarch co t e n t s . %Xxonids out bf porously agglomerated particles
with a particle size of about 40 nm, while powders contaimg lower amounts of corstarch
showed a much lower surface ardiais believed that the carbon layer formed on the particle
suface hinders particle growth to a certain ekte3ince powders containing a relatively low
amount of carbon are not covered by this film they might show a higher degree of particle

growth and thus a reduced surface aweahigh amount of mesoiacreporosity, which is
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accessible for complexed lans,is present. In addition, the powders show an increasing amount
of micro-porosity with increasing corstarch amount. This micwoorosity is believed to be
attributed to the porous nature of the amorghoarbon layer on the particle surfaéég 5b
shows the pore distributidmased on desorption dadacording to BJH theory [244f different
cornstarch contents between 2 and 100 with a highlightedarea between-8 nm This area
shows a peak in pornbg increasing with increasing costarch amounthus it can as well be
attributed to the carbon layefEM analysis (Fig 6.) revealed tk porous nature of the
agglomerated nanrparticles. Furthermordsig 6b and show the carbon coated particle surface
of a sample containing 25 and 50. % corn-starch respectively. The porosity of this layer is
clearly visible inFig 6cso it is concluded that the increasing mipare area and the abnormal
porosity between -B nm corresponds to the carbon lay€he eledron diffraction pattern of
LMS is shown inFig 6d The main diffraction line of polycrystallinePmn2; LMS are visible.
Comparing Fig. 6a and 6¢ also reveals the effect of the carbon source on the particle size. Whilst
crystallites in Fig. 6a, wher2s wt. % corrstarch was added to the synthesis, show particle sizes
from approximately 50 to 100 nm, crystallites of the powder containing 50 wt. %stayoh are

in the range of 2@0 nm which can be seen Fig. 6c¢.
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Fig. 6: TEM micrographs of A) the agglomerate structure of a sample containing5 wt. %
corn-starch, B) the carbon coatingof a sample containing25 wt. % corn-starch, C) the
porosity of the carbon coating of a sample containg 50 wt % corn-starch and D) the

electron diffraction pattern

3.3 Electrochemical characterization

To investigate the importance of tliarbon content and hence th&ctronic conductivity,
CR2016 coircells were fabricated with LMS cathoda®duced using, 5, 15, 25, 35, 45 and 50
wt. % added corsstarch. Furthermorethe cathode contained 10 .v# Super P conductive
carbonand 5 wt % PVDF as binderThe counter electrode was in all cases Li foil. These coin
cells were galvanostatically cycled betwelef and 4.5 V at charge ratesrresponding to C/33

and C/4.Fig.7 shows the first two cycles of the corresponding amfis and the reversible
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discharge capacity for 15 cycles where thargerate was C/33 in the first five cycles C/4 for

the following5 cycles and C/33 for the last five cycles.

40 P w a)

o 0% starch b)
5% starch

— 1004 % L 4
P g ? - v 15% starch|| .
< g ? Q ] 25%starch| | 2 & ®
3.5 ‘ 0% starch £, < 3svstarch| |§ @ § g g
4 *  45% starch
E W 5% starch é‘ 60 c/33 o 50% starch c/33
Q304 X 15% starch &
I Y —— 25% starch o 9§ 483
= 0
g 250 —— 35% starch g 40
\\‘\ I 0, T T T T
Charge rate: C/33 gg;’ Siarcfr: g r L x
2.0 = 0 starc c 204w n
lmcycle g VYV ey Cl/ VVYvvy
-=---:2"cycle 6
15 . . . . . ole 4 o o «l¥ X X ¥ Xle o oo o
0 20 40 60 80 100 120 140 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Capacity [mAh/g] Cycle number

Fig. 7. Galvanostatic cycling of LMS cathodesoffering a varying amount of corn-starch as
carbon source.a) First two cycles at C/33b) Reversible dischargecapacity for 15 cycles at

different chargerates

All samples showed an irreversible capacity loss e8@% during the first cycleThe oxidation

of the electrolyteis expected to contribute to a fraction of this |lobsit cannot solely be
responsibldor the irreversible capacity losk.is thereforelikely that theextraction of Li ionds
partly irreversibleFurthermore, Molendat al. observed structural changes in the carbon coating
by XPS which could also contribute to the irreversible capdosyg by a loss in electronic
conductivity[12].

The need of a conductive coating is cleaden LMS cathodes with noarbonor only 5wt. %
addition of cormstarch showed very low reversible capacities of abou I#Ahg?! in the first

cycle. 15wt. % oorn-starch which corresponds 4ont. % residualcarbon is still not sufficient to



280 obtain the necessary coating. The peak in performance was observednditiddition of
281 25wt. % cornstarch where the reversible discharge capacity in the first cycle was about 100
282 mAhg?. That corresponds to the reversible extraction/insertion &fl0.éns per formula unit
283 assuming that the discharge capacity is solely due to Li insertion. Accordihgign be
284 concluded that only the MfIMn?* redox couple is active in the materials within the voltage
285 range of 1.54.5 V. Higher corrstarch contents resut a slight capacity decreas€his canbe
286 attributedto the fact thatess active material per weigbit a cathodés presentinterestingly the

287 behaviorchangesat higher charge rai@n this caseC/4), andcathodes containing 385, and 50
288 wt. % cornstarch showe@n increase in rate capability and thugher capacitiesompared to
289 the sample made thi 25wt. % cornstarch Converting these values to reversible Li exchange
290 values, the sample containing 25 wt. % estarch showed only a reversible exchange of 0.2 Li
291 per formula unit, while a sample with 50 wt. % cetarch showed a reversible exchamd 0.43
292 Li per formula unit.This indicates thathe electronic conductivitwhichis even more important
293 at higher ratess improved due to the increased residual carbon contentaddition, the
294 decreased patrticle sioé samples with higher residual carbon contamild enhance the kinetics
295 of Li-extractiorlinsertion Samples containing 45 and 50 wt. % cestarch show very similar
296 external surface areas and rate capabilities as sholig.ib a) and 7 hxespective). Coin cells
297 with cathodesontaining 25 and 50 w?o corn starch were also cycled up to 4.8Ye charge
298 and dischargaas donewith acharge rat®f C/100 to investigate slow rate performance and at a
299 charge rate of C/33 for 100 cycléw longterm peformanceinvestigationsResults are shown
300 in Fig. 8. Here the top abscissa Fig. 8a and b shows the specific capacity per gram LMS
301 (carboncontentis subtracted from thenass of the composite to giaetive material mass) while

302 the bottom abscissa shows the specific capacity per gram LMS/C compheislow cycling at
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a charge rate of C/100 resulted in a reversible capacity of 155 frakiugl40 mAhg in the first
cycle for cathodescontaining 25wvt. % and 50 wt % cornstarch, respectively The
corresponding irreversible capacity loss in the first cycle was 40 and/38ridicating that
more Liions were extracted than inserted. Taking the carbon conte® arfid 27 wt. % into
account and disregand) the minor inpurities of both samples gives initial dischaggpacities

of 170mAhg?tand

192mAh-g! respectively The valueof the sample containing 25 wt. % cestarch corresponds
well to the reversible extraction/insertion of one Li per formatad the 50 wt. % shows
reversible Li exchange of 1.15 Li per formula uaniider the same assumption as mentioned
before Furthermore, the sample containing 25 % cornstarch shows an even more severe
capacity fading already in the second cycle, whbheedscharge capacity already droppley
11% down to 138 mAhg, while the 50 wt% sample only showed 4% capacity dropThis
might indicatethat the amorphization of LMS shows a more prominemact on theLi-

extraction/insertion kinetics of larger patéspresent in the 25 wt. % costarch sample
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Fig. 8: First two galvanostatic cyclesof LMS cathodes offering 25% a) and 50 wt % b)

corn-starch as carbon source up to 4.8 V at C/10@Bottom abscissa shows specific capacity

per g LMS/c composite, top abscissa the specific capacity per g LM8&). 100 cyclesof

cathodes offering 25 % a) and 50 wt. % corsstarch at C/33

The same trend is visible IAg. 8c. The sample containing 25 wi# cornstarch showsnore

severecapacity fadingn the first 20 cyclesompared to the 50 W one. The inset dfig. 8 b

shows thecoulombicefficiency whichexhibits values between 90 and 19®for both samples

after the first few cycles.

If it is assuned that the majorityof the first charge capacity is due to Li extraction, then the

irreversible capacity loss in the first cygJeres a direcindicaion of a partly collapsed structure

that does not allow full rthiation duringthe following dischar@. This effect is supposed to be

more prominent the more Li is extractgzb]. Table 1 showscorrected(mass of carbon is

subtracted)charge and discharge capacitisd the irreversible capacity loss in percent
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cathodesynthesized using5-50 wt % corn-starch Samplessynthesizedvithout or with a low
amount of corrstarch addition are excluded because thshowed very little or no

electrochemical activity.

Table 2: Irreversible capacity lossand corrected capacitiesluring the first cycle of sampks

cycled at C/33 between 1.5 and 4.5V

Sample Charge capacity *' cycle Discharge capacity I Irreversible capacity loss
[mAhg{(LMS)] cycle [mAhg'(LMS)] [%0]

25wt. % corn-starch 156.7 110.7 29.4

35wt. % corn-starch 136.8 107.1 21.7

45wt. % corn-starch 141.3 109.4 22.6

50wt. % corn-starch 148.5 109.3 26.4

A trend ofincreasingirreversible capacity loss with increasing first charge capacity is visible
indicating a higher degree atructuralcollapsewhen more Li is extractedFurthermore, the
charge plateau in the second cycle is in all cases shifted to lower pestestich would also
indicate structural changegq]. Recently,Devarajet al. reported about LMS with a distinct
charge and discharge plateau during the firstciges indicating a preserved sturet before
degradation occurreld 3]. This behavior waseitherobserved hetenor in other studies {8, &

12, 1415]. Apart from the first charge, which shows a plateau at about 4.2déstinct charge
plateaus wer@resent. This also indicates structural degradafibe.irreversible capacity isot
solely due tostructuralcollapse In reality it is most probably a combination ofreversible
electrolyte oxidatiorand structural degradation which becomes more prembithe more Li is

extracted.
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4 Conclusions

The successful preparation pbrous nanaized LMS/Cby a PVA assisted sgel methodis
reported. The addition of costarch was shown to be crucial for phase purity during the
carbothermal reduction step as well as for the electrochemical performance by building up a
conductive coating around the particles. In addition, it seentsnge particle growthto a
certain extenhso that the resulting powder offerdhgh amount of porosity in the meso/macro
range anda huge increase in accessibleface area. Also theffect of the atmosphere and thus

Po2 Was shown to bef majorimportarce for the synthesief LMS. Highest phasgurities of

95% or higherwere achieved when heat treatments were carried oufnth (H-Ar-mix-5)

and starch con %eampkes syneheszed Gndet hesavdonditions were indexed
to the orthorhombic sTe groupPmn2 and showed only minor traces of secondary phases,
namely MnO and LSSiOs. If the applied corstarch amount was 15 w# or lower, powders
consisted of a mixture of orthorhomid®mnn2, and orthorhombid®mnbpolymorph of LMS in
addition to an increased amount of secondary phddes.highest reversible capacity was
observed using powder offering 25. W4 cornstarch addition during synthesis. Caiells using

this powder as cathode offered a discharge capatil® mAhg? cycled at C/100 and #2
mAhg?! cycled at C/33 in the first cycle. The first value corresponds approximately to the
reversible extraction/insertion of one Li per formula unit taking the carbon content of the sample
into consideration. Unfounately all samples showerklatively low rate capabilities and
irreversible capacity fading during cycling, which is believed to be the result of a partly

collapsedamorphous) structure during cyclingg].
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