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Summary

Rechargeable batteries can store energy in the form of chemical energy and facilitate
it with a high conversion rate when needed. Moreover, rechargeable batteries are
used in almost all kinds of portable consumer electronics, hybrid and pure electric
vehicles. Thus, the development of advanced battery technologies is a major field of
scientific focus. Li-ion technology has been shown to be superior to other battery con-
cepts with respect to energy density, cycling stability, self-discharge and expected
lifetime. Alternative cathode materials based on polyanionic compounds have attract-
ed interest since the discovery of LiFePQO, as a safer cathode material in 1997 and
LisFeSiO4 as a new Li-battery cathode material in 2005. Lithium transition metal
orthosilicates, where the transition metal is iron or manganese, are promising candi-
dates as cathode materials since they consist of cheap, environmentally benign and
abundant elements. The SiO4 backbone not only stabilises the structure but also rais-
es the transition metal 2+ /34 redox couple to higher voltages by an inductive effect.
This class of materials could further allow Li extraction/insertion beyond one Li-ion
per formula unit, if the transition metal possesses two available redox couples within
the stability limit of the electrolyte. This study concerns the improvement of the
electrochemical properties of lithium transition metal orthosilicates.

The first part is devoted to the development of a controllable synthesis method for
nanoscaled and carbon coated LisMnSiO4 and the characterisation of the electro-
chemical properties. A PVA assisted sol-gel route was explored and optimised, and
the importance of the carbon coating and the porous nanostructure to the electro-
chemical properties was highlighted.

LisMnSiOy is a rather poor electronic and ionic conductor and suffers from severe
capacity fading upon electrochemical cycling. The second part of this work investi-
gates if these shortcomings can be manipulated by the incorporation of foreign spe-
cies, via substitution studies based on the synthesis method developed in part one.
The investigated substituents were iron and vanadium. V substitution was shown to
be especially interesting and, since it has not been well understood, efforts have been
made to explore the feasibility and limitations of V substitution and the impact on
the electrochemical properties of LiaMnSiOy4. It was shown that the solid solubility of
V on Mn-sites is very limited and the intended substitution causes phase separation
into V containing spinel phases.. On the other hand, when intended to replace Si, V
entered the structure without such phase separation. The structure was highly defec-

vii



tive but had improved charge transfer resistance and Li diffusion. Furthermore, addi-
tional redox activity attributable to V was recorded. The downside was that V rather
replaces Si and hence showed no influence on the poor stability upon cycling which is
caused by tetrahedrally coordinated Mn.

The last part of this project was dedicated to exploring the possibility of a scalable
and time efficient route, allowing the synthesis of nanoscaled lithium transition metal
orthosilicates. As a first novel approach LisMSiO4 compounds were synthesised by
liquid-feed flame spray pyrolysis combined with a reducing heat treatment and car-
bon coating. The importance of a highly combustible solution and the influence of the
precursor concentration are discussed. Synthesised LisMnSiO4 and LisFeSiO4 were
highly electrochemical active. The former showed capacities exceeding the value of a
one electron reaction while the latter offered a superior rate performance and retained
over 50% of its initial capacity when the current density was increased by a factor of
10%.
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Chapter 1 Introduction

1. Introduction

1.1 Motivation

The world’s energy needs and energy consumption are constantly increasing. At the
same time modern society is more aware of the vast increase in CO2 emissions and
environmental pollution caused by classical energy production. To minimise the re-
sulting greenhouse effect, future energy supplies must be environmentally friendly
and cause a minimum carbon footprint. Hence, energy production must become inde-
pendent from crude oil and Nuclear Power. Environmentally friendly renewable ener-
gy can be produced in several ways, for example wind energy, tidal energy or by pho-
tovoltaic devices. Since all these forms of energy production are discontinuous, they
need to be linked to energy storage devices. Rechargeable batteries can store this en-
ergy in the form of chemical energy and facilitate it with a high conversion rate when
needed. Further, the markets for electronic vehicles (EV’s) and portable consumer
electronics are constantly growing and these demand rechargeable battery technolo-
gies with ever higher efficiencies.

It takes just a quick glance into a chemical data book to understand that lithium is
one of the lightest elements and offers a high electrode potential of -3.04 V versus the
standard hydrogen electrode. ! This combination of low weight and a high potential
gives rise for elevated power and specific energy. In fact, research concerning Li based
batteries started in the 1970s, and at present rechargeable batteries based on Li ions
outperform all other commercially available battery concepts with respect to specific
energy, energy density per volume, cycling stability, self-discharge and expected life-
time.

Early Li batteries were restricted to primary (non-rechargeable) concepts since den-
dritic growth of plated Li on the anode side caused severe safety issues. The discovery
of reversible intercalation of Li in carbonaceous materials at low potentials solved
this problem and in 1991 Sony Corporation commercialised the petroleum
coke/LiCoO; Li-ion cell. 2 As the name implies, the Li-ion battery concept omits Li
in its metallic form. In modern Li-ion batteries petroleum coke is substituted by
graphite which offers an increased capacity ranging from 300-400 mAhg'l. However,
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most Li-ion batteries are still equipped with LiCoOs cathodes, 26710 first reported by
J. B. Goodenough and co-workers in 1980, which deliver a modest specific capacity of

about 140 rnAhg'1 and have some major safety and pricing issues. 47,1112

It was also J. B. Goodenough, now leading a different research group, who first re-
ported the phospho-ovline LiFePQOy as a potential new cathode material, solving safe-
ty and cost issues, in 1997. " The phospho-olivine is based on a much more abundant
and nontoxic transition metal, iron, delivering an increased specific capacity of about
170 mAhg’1 and is used as cathode for Li-ion batteries in EVs. ** The discovery also
offered interesting possibilities in the search for new alternative cathode materials, by
tuning the transition metal redox couple by the inductive effect of the polyanion
group. In 2005, Nytén et al. introduced LisFeSiO4 as a potential cathode material and
only a year later Dominko et al. reported the Mn analogue. 1516 The di-lithium tran-
sition metal orthosilicates where the transition metal is Fe or Mn, gained attention
because they consist of cheap and nontoxic elements and could thus be a serious al-
ternative as low cost electrode, as seen in the element abundance diagram shown in

Figure 1.1.
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Figure 1.1: The chemical elements’ relative abundance in the upper earth crust.
17

Additionally, this class of materials comes with a lithium to transition metal ratio of
2:1, and they could potentially provide two Li ions per formula unit if the transition
metal possesses two available redox couples within the potential window of the ap-
plied electrolyte. This leads to a theoretical capacity of about 330 mAhg’l7 which
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would drastically decrease the existing gap in capacity between the cathode and an-
ode side of a Li-ion battery. Unfortunately, LioMSiO4 (M = Mn or Fe) are insulators
and also poor ionic conductors, making the bulk material unsuitable as an electrode.
1822 A further challenge is the structural instability upon oxidation of LisMnSiOy4

which is believed to be triggered by the Jahn-Teller active ion Mp?", 19222

Nonetheless, advances in nano science over the last few decades have made it possible
to tailor particle morphologies to allow fast exchange of Li ions from the material to
the electrolyte. The increased performance of these structures is accomplished by
drastically shortening the mean diffusion lengths and increasing the surface to bulk
ratio. 2! Further, tremendous amounts of knowledge have been gathered on conduc-

425 Combing this gath-

tive coatings and the beneficial effects of cation substitutions.
ered knowledge, makes the lithium transition metal orthosilicate family an interesting
system both as alternative low cost and high capacity cathode material for the next

generation of Li-ion batteries.

1.2 Aim of work

The purpose of this study was to investigate and improve the electrochemically prop-
erties of lithium transition metal orthosilicates as positive electrode for Li-ion batter-
ies. Since a previous project at the same department was focused on advances in
LioFeSiOy4, the main focus in this study is dedicated to the Mn analogue. The work
presented here can be divided into three main parts.

In the first part a wet chemical route was developed, which allows a controlled syn-
thesis of highly phase pure and nanostructured LisMnSiO4/C. A PVA assisted sol-gel
method was chosen and optimised. Further, the effect of carbon content on the phase
purity, morphology and electrochemical properties was analysed. Consequently, sam-
ples with different carbon contents were characterised in terms of phase composition
and purity, morphology and the electrochemical properties. The results are published
in Paper 1.

One basis of the synthesis method developed in part one, cationic substitutions in
LisMnSiO4 were studied. The results are published in Paper IT and III. The chosen
cations were Fe and V. LisFeSiO4 is known to exist in the same structural
polymorphs as LisMnSiO4, and both cations have a similar ionic radius and
electronegativity. Hence, the Hume-Rothery rules should apply and Fe should
populate empty Mn-sites. For V, which is known to exist in multiple oxidation states,
the feasibility of substituting it on either the Mn-site or the Si-site was considered.
The aim was to investigate if substitutions alter the physical properties like the
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stability of the delithiated phase, the electronic conductivity and the Li diffusion
coefficient, and explore the possibility to incorporate an additional redox couple into
the structure. The phase formation was studied by X-ray diffraction. For V
substituted samples additional in situ X-ray diffraction studies were conducted, to
analyse the behaviour upon delithiation, and electron energy loss spectroscopy
characterisations (EELS) were performed to provide information about local
derivations of the overall structure and determine the oxidation state of V. Origins of
the improved cycling performance and the redox activity of V in LisMnSiOs were
further investigated by cyclic voltammetry and AC impedance.

The last part of this study concerns the feasibility of a scalable synthesis method for
highly electrochemically active lithium transition metal orthosilicates as cathode ma-
terials for Li-ion batteries. The feasibility by liquid-feed flame spray pyrolysis with
subsequent annealing is shown in Paper IV and V. Focus here was given to produce
nanostructures in the range of 20-30 nm.
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2. Li-ion batteries

2.1 General

The following chapter summarises the working principle of a Li-ion battery. Fur-
thermore, the individual components of a Li-ion battery are described and the re-
search progress is briefly reviewed. Since this study focuses on the properties of cath-
ode materials, the so called half-cell concept versus a Li metal counter electrode was
applied throughout the study. Nonetheless, whenever applicable, examples of the au-
thor’s materials of choice are included in the specific section of this chapter.

2.2 Working principle of a Li-ion battery

As in any conventional battery concept, the Li-ion battery consists of two electrodes
connected by an ionic conducting media called the electrolyte. Secondary Li-ion bat-
teries convert chemical energy into electrical energy during the discharge and vice
versa during the charge. Since the terminology of the specific parts of a battery origi-
nates from primary concepts of pure galvanic cells, they are strictly speaking only
valid during the discharge of a secondary Li-ion battery. Figure 2.1 shows a schemat-
ic of a Li-ion battery during discharge.
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Figure 2.1: Scheme of a Li-ion battery during discharge, motion of Li ions is
indicated by green arrows while the motion of electrons through the external
circuit is indicated by black arrows. The crystal structures are visualised using
VESTA, with schematic Li positions in the graphite layers and vacant Li
positions in the Li;.«CoO, layers.

The cell consists of a Li transition metal oxide positive pole, termed cathode during
discharge, connected to an aluminium current collector, an organic electrolyte con-
taining a dissociated Li salt and a graphite negative pole, termed anode during dis-
charge, connected to a copper current collector. The two electrodes are separated by
a permeable separator and connected by an external circuit.

During discharge, Li is driven to oxidation by the potential difference at the anode
and Li ions migrate towards the cathode, where they intercalate into the Li layers.
At the same time, electrons generated at the anode are transported through an ex-
ternal circuit and subsequently reduce the transition metal ions to a lower valence to
maintain electroneutrality. The generated current can be utilised by a device.
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The charge of a secondary Li-ion battery is the reverse of this step and requires re-
versibility of the reaction. During charge the cell works in electrolytic mode. The pos-
itive pole is now the anode and the transition metal ions get oxidised to a higher va-
lence while Li ions deintercalate out of the structure and migrate towards the nega-
tive pole (now cathode) where they intercalate into the graphite layers and get re-
duced by the electrons moving through the external circuit. The electrochemical reac-
tions of a LiCoO2/C cell are summarised in the following equations:

. o+ - red. .
Positive electrode: LZPICO O, + zLi” + ze — LiCo0, (2.1)
Negative electrode: zLi" + yC +ze %L%Cy (2.2)

Overall reaction: L’il_zCO 02 + LZzOy —_—— LiCo 02 + yC (2.3)

charge

As noticeable from the scheme in Figure 2.1 and from the electrochemical equations,
a Li-ion cell does not contain metallic Li but two host materials from where Li is in-
serted and extracted (intercalation). Metallic Li offers a high capacity, but must be
omitted in this set up due to safety issues. Li ions tend to plate inhomogeneously on
a negative Li electrode and cause the formation of dendrites. These dendrites can
short circuit the two electrodes causing exothermic reactions which could lead to an
explosion of the cell. Accordingly, Li was replaced by materials that can reversibly
intercalate Li. To keep a high operation voltage, materials for the negative electrode
should exhibit a redox potential for Li close to metallic Li, while for materials for the
positive electrode the redox potential of the transition metal should be high against
Li/Li . An overview of electrode materials for Li-ion batteries known by the year
2001 is shown in Figure 2.2.
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Figure 2.2: Specific capacities and potentials of electrode materials for Li-ion
batteries.

Figure 2.2 shows a prominent mismatch in specific capacity Q between cathode mate-
rials (positive materials) and anode materials (negative materials). The specific ca-
pacity is often expressed in Ahkg’1 or mAhg'l. The theoretical specific capacity (ch)
can be calculated from Faraday’s first law using the following equation 10

m
Q" = IY; (2.4)

where n is the number of the exchanged electrons, F is the Faraday constant (96,485
Cmol ' = 26.8 Ahmolfl) and M is the molar mass. When ch is multiplied with the
open circuit potential (OCP) we obtain the theoretical specific energy of the battery
in terms of thg_l. Since Figure 2.2 is already older than a decade, it lacks the most
resent innovations and a more detailed overview of electrode materials for Li-ion bat-
teries is given in the following chapters.

2.3 Cathode Materials

As previously mentioned, the positive electrode in a Li-ion battery is termed the
cathode, although this is strictly speaking just valid during the discharge. According
to M. S. Whittingham there are eight major criteria that a cathode material must
fulfil. The cathode material must contain a transition metal ion, which is readily re-
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duced/oxidised and the material must undergo a reversible reaction with Li. This
requires the material to be stable over a large compositional range. The reaction of
the cathode with Li must offer a high Gibbs energy of reaction (A,G) and thus pref-
erably happens at an elevated potential of about 4 V. The potential difference be-
tween charge and discharge should be as small as possible and the reaction should
also consume/generate at least one Li per transition metal to obtain a high capacity.
It should also be rapid on both insertion and extraction of Li from the host material
to achieve high power densities. Additionally, the material should be a good electron-

ic conductor, cheap and environmentally benign. »

The known cathode materials for Li-ion batteries can be divided into two material
categories, where the first category displays the layered structures with a close or
almost close-packed anion lattice and alternating layers of transition metal and lithi-
um ions. These materials have the advantage of storing a high amount of energy per
unit volume thanks to their compact lattice, adopting an o-NaFeOy structure. This
category includes LiTiS; which was one of the first suggested cathodes for Li batter-
ies. 2 Later, research focused more on oxides and Goodenough and co-workers re-
ported LiCoOs as a cathode material in 1980. ' The structure of LiCoOs is shown in
Figure 2.3.

Figure 2.3: Layered crystal structure of LiCoO. T illustrated with VESTA.



Chapter 2 Li-ion batteries

The stacking of transition metal and Li layers results in a two dimensional Li diffu-
sion network. It offers a theoretical capacity of 274 mAhgj1 but only about 140
rnAhg'1 can practically be utilised, so the delithiation is cut-off at about 4.2 V. * On
further delithiation structural changes occur and at full delithiation the cubic close-
packed (ccp) oxygen sub lattice changes to the hexagonal close-packed (hcp) struc-
ture of CoOs. * The reduced stability of the heavily delithiated phase causes dissolu-
tion of Co and the loss of oxygen from the lattice, which results in an irreversible

%29 The iso-structural nickel compound would be of in-

capacity fade upon cycling.
terest since Ni is more abundant than Co. Unfortunately, LiNiOs is reported to exist
in Li;.yNij;yO2 stoichiometry, where Ni is partly reduced to the divalent state and
occupies the Li layer, and thus has a negative influence on the Li diffusion and power
capability of the material. 425 Later, it was shown that trivalent Co substitution hin-
ders the Ni reduction, and thus reduces anti-site defects, leading to a reduced capaci-
ty fade of the LiNi;«CoxO2 solid solution compared to the pure Ni compound. 3 Pur-
ther, the incorporation of divalent or trivalent inert diluents like Mg2+ and AI*" or
the partial substitution of 0* by F~ or S* were shown to improve the stability and
cyclability of LiNiOs and LiNi;CoxOs. 31734 The Mn analogous LiMnOs is thermody-
namically unstable at elevated synthesis temperatures, and even when prepared at
low temperatures it forms the thermodynamically stable spinel structure LiMn2Oy
upon cycling. This spinel structure can be described as an exceptional case where the
transition-metals are ordered in all layers. LiMnoOy4 displays an interesting high volt-
age and is thus a high power cathode material, although its capacity is lower than
23536 5096 Ni substitution in LiMnOs yields the layered
structure and finally resulted in the discovery of the solid solution of all three cations
in LiNij«yMn,CoyO2 (NMCO). 340 NMC compounds show almost no Li transition
metal anti-site defects. The most studied composition is the symmetric 1/3 composi-
tion. In NMC, Ni is divalent, Co trivalent and Mn tetravalent and 2/3 Li can be ex-
changed by the Ni*" / Ni'" redox pair. **** Higher reversible capacities (7200 mAhg’l),
low volume changes and an increased stability of the delithiated state compared to

the capacity of LiCoOs.

LiCoO2 and LiNi; yCoxO2 make NMC compounds extremely interesting as cathode

. .. . 425
material for Li-ion batteries. =’

In addition to the layered structures, a second category of materials comprises more
open structures like vanadium oxides, manganese dioxide and polyanionic com-
pounds. Although, one has to keep in mind that in a Li-ion battery the cathode is the
source of Li ions which excludes materials like V2O5 and MnOs for a conventional Li-
ion battery. This category offers safer and potentially cheaper materials. The polyan-
ion group stabilises the structure and gives rise to tuning the redox potential of the
transition metal by an inductive effect altering the iono-covalent character of the

2,25,43

transition metal oxygen bond. To the group of polyanionic compounds we count

10



Chapter 2 Li-ion batteries

for example the olivine structured materials LiMPO, (M = Fe, Mn), the vanadium
phosphate compounds LizVa(PO4)s and LiVOPOy, the fluoro-phosphates and sul-
phates LisMPO4F (M = Fe, V) and LIMSO4F (M = Fe, Mn) and the orthosilicates
Li;MSiO4 (M =Fe, Mn, Co). '#12164447

Since its first description as potential cathode in 1997, LiFePO, (LFP) in particular
has gained a lot of attention. " It consists of abundant elements and occurs as the
mineral triphylite, which makes it environmentally benign. The crystal structure of
LFP is shown in Figure 2.4. It adopts the olivine structure consisting of a distorted
hexagonal close-packed (hep) oxygen lattice where 1/8 of the tetrahedral voids are
occupied by P and 1/2 of the octahedral voids are occupied by Fe. The second half of
the octahedral voids are occupied by Li, resulting in a channel like structure in the b-

. . 13
direction.

O

—

n

e

P

Figure 2.4: Crystal structure of LFP showing the one dimensional Li diffusion
channels along the b-axis * illustrated with VESTA.
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LFP has a theoretical capacity of 170 InAhg'1 and a flat intercalation/deintercalation
profile at 3.5 V. The flat profile indicates that the reaction proceeds by the motion of
a two phase interface according to a shrinking core model. The two end members,
FePO4 and LiFePOy, both crystallise in the orthorhombic space group Pnma and of-
fer a difference in unit cell volume of 6.8%. **’ Studies revealed the existence of two
solid solutions, Li,FePO4 and Lil,gFePO47 outside the miscibility gap at room tem-
perature. Furthermore, the values for o and B at the mono-phase/bi-phase boundary
show an inversely proportional dependence on particle size. 1959 The flat voltage pro-
file makes it difficult to monitor the state of charge of a LFP Li-ion battery. In com-
parison, the layered oxides all offer a slightly sloping voltage profile allowing direct

monitoring of the state of charge. 5:51

LFP is compatible with common electrolyte systems and stable against over-charge.
However, the disadvantages compared to the layered oxides are the low electronic
and ionic conductivity values. The latter can be overcome by nanosizing and the
former by the application of a conductive coating. This coating usually consists of a
thin layer of carbon or the combination of carbon and conducting phosphides as a

. 4,52,53
result of a carbothermal reduction.

More recently, the orthosilicates with the general formula LioMSiO4 gained attention
since they also consist of cheap and environmentally benign elements and could, due
to a Li to transition metal ratio of 2:1, allow the reversible exchange of 2 Li ions per
formula unit and thus in theory offer high capacities exceeding 300 mAhg’l. 1516 A q-
ditionally, the strong Si-O bonds in the orthosilicate framework ensure an increased
thermal stability and give rise to potentially low cost, safe and environmentally be-
nign cathode materials. The reported transition metals are Fe, Mn and Co where the
former two have gained more attention since they are non-toxic and abundant. A
more detailed description of the crystal structure, delithiation mechanism and re-
search progress of the orthosilicate family is given in chapter 3.

2.4 Anode Materials

The negative electrode of a Li-ion battery is the anode during discharge. Require-
ments for anode materials are quite similar to those for cathode materials, but on the
anode side the reversible reaction should preferably occur at low potentials vs. Li/ Li'
to maintain a high potential against the cathode and thus enable high energy output.
On the other hand the potential should not be too low, to not risk Li plating on the
anode which could cause dendritic Li growth resulting in failure of the cell. ? Since
most anodes operate well outside the stability limit of commercial electrolytes, the

12



Chapter 2 Li-ion batteries

formation of a stable solid electrolyte interphase (SEI) to prevent further electrolyte

8,54, . .
285455 Gince the first

decomposition is yet another majorly important requirement.
commercialisation of the Li-ion battery concept, carbonaceous materials have been
exclusively used as the anode. In the first Li-ion batteries, petroleum coke was used
as carbon anode, while later generations have been equipped with graphite materials
exploiting the theoretical capacity of 372 mAhg'l(LiCG). >3 The main problem with
carbonaceous materials is the large irreversible capacity loss during the first cycle
caused by formation of the SEI. A lot of research is on-going in order to replace

graphite as the anode material.

Alternative anode materials can be divided into three main groups with respect to
the reaction mechanism. The first group is intercalation host materials. This group
contains carbonaceous materials like porous carbons, carbon nanotubes and graphene,
where the latter two exceed the capacity of graphite by far with theoretical capacities
over 1000 mAhg™, allowing a Li/C ratio of 1:2 instead of 1:6 in graphite. 5657 Unfor-
tunately, these materials suffer from high voltage hysteresis and high irreversible
losses during cycling.  Anatase TiO; and LisTisO1s also belong to the group of in-
tercalation host materials. The latter especially gained interest due to a stable inter-
calation /deintercalation profile at 1.55 V vs. Li/Li", eliminating the danger of Li
plating and SEI problems. % The theoretical capacity of this spinel structure is 175
mAhg'l7 which is rather low compared to other anode materials, and the high poten-

tial would reduce the energy output of a Li-ion battery. 854

The second group contains alloy forming compounds, for example Si, Ge, Sn, Bi and
SnOs, which react with Li in an alloying/dealloying manner. Group IV elements are
especially interesting since they form high Li content alloy phases with Li/M ratios
exceeding 4:1, thus delivering very high specific capacities dependent on the molar
mass of the specific alloy. % Since Si is the lightest element in this series it offers the

highest theoretical capacity of about 4200 mAh g'l. 60

The major problem with alloy
anodes is the immense volume change of up to 400% during cycling. This causes frac-
turing of the anode and loss of contact to the conducting additives and the current
collector, which yields severe capacity fading and irreversible losses. 5461763 A ddition-
ally, the extremely reactive lithiated alloy tends to self-discharge. o4 However, Si/C
nanocomposites have shown progress and potential as anode materials, since the
nanoarchitectures can withstand the volume expansion better than larger particles
and the addition of carbon not only promotes electronic conductivity but also for-
mation of a stable SEI film. ® According to a statement by U. Wang, Tesla Motors

incorporates small amounts of Si in their newest battery systems. 05
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The third group of potential anode materials consists of conversion materials based
on transition metal chalcogenides and pnictogenides of the general formula MA,
where M = Mn, Fe, Co, Ni, Cu and A = O, S, N, P. These undergo conversion reac-
tions with Li ions where the transition metal gets reduced and the corresponding Li-
A compound is formed. Since the number of electrons per transition metal that par-
takes in this reaction is high, conversion compounds can reach high specific capaci-
ties. This makes conversion materials like FeoOg interesting, but issues with severe

capacity fading and large polarisations must be solved before commercialisation. o

2.5 Electrode additives

A good contact allowing electron transfer from the electrode to the current collector
and thus to the external circuit needs to be guaranteed in every battery. In Li-ion
batteries, this is done by a conductive binder, which is polyvinylidene fluoride
(PVDF) in most cases. Unfortunately, the choice of solvents for this polymer is lim-
1266 Next to

the binder material usually another carbonaceous material is added as conductivity

ited, and carcinogenic N-methyl-2-pyrrolidone (NMP) is most often used.

enhancer on both electrode sides. This is especially important for polyanionic com-
pounds which offer low intrinsic electronic conductivity values. 12,67 Figure 2.5 shows
different approaches to the incorporation of conductive carbon to a cathode material.
7 Part a) illustrates the physical mixture of conductive carbon black, graphite, a
binder and a cathode material. In part b) the additive-cathode blend is cast on a car-
bon coated current collector to optimise the contact and part ¢) shows a carbon coat-
ed LiFePOy particle.

A carbon coating is the most common way to increase the conductivity of orthophos-
phates and orthosilicates. Dominko et al. found a minimum of 1.5-2 wt. % carbon
residue was needed to form this coating on titania particles, but this value should be
+1965 Nonethe-

less, a conductive carbon additive needs to be physically blended in to guarantee an
4,6,14,19

highly dependent on the particle size and the density of the material.

overall conductive matrix.
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Figure 2.5: Possible incorporation means of conductive carbon additives: a)

physical mixture, b) coated current collector, c) particle coating. o7

2.6 Current collectors

Current collectors for Li-ion batteries must be good electronic conductors and collect
and direct the flow of electrons towards the external circuit with minimal losses. Fur-
thermore, the current collector must be stable under high operating voltages and in
the organic electrolyte. In commercial Li-ion batteries, aluminium is the material of
choice for the cathode side while copper is used on the anode side. Al is stable to-
wards high oxidising potentials due to the formation of an Al;Os passivation layer.
When in contact with alkyl solvents and LiPFg an AlF3 layer also forms. Al cannot,
however, be used on the anode side since a potential close to 0 V vs. Li/Li" will

cause the formation of a Li Al alloy. 89,70

Cu, on the other hand, is stable at low potentials, and cyclic voltammetry experi-
ments by Myung et al. showed no cathodic peaks from 1.5 to 0 V vs. Li/Li‘. If the
potential is increased, a large anodic peak occurs at 3.3 V vs. Li/Li+, caused by oxi-
dation and dissolution of Cu ions. % This makes Cu the material of choice for the
anode side but prohibits its use as cathode current collector. Other possible current
collectors that have been investigated are e.g. Fe, Cr, Ti, Ni and stainless steel. 69,70
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2.7 Electrolytes

Research on different types of electrolytes for Li-ion batteries is a broad scientific
field and includes research areas within solid inorganic electrolytes, polymeric solid
electrolytes, ionic liquids and organic electrolytes. To give a detailed description of all
these different systems is beyond the scope of this chapter, thus focus will be given to
conventional Li salts dissolved in organic electrolytes. Thorough reviews by K. Xu

. 71,72
are recommended for the interested reader.

The high reactivity of Li and the large potential window of a Li-ion battery prohibit
the use of proton based electrolytes. The electrolyte solvent has to fulfil a number of
requirements. It has to readily dissolve the inorganic Li salt in satisfying concentra-
tions, thus offering a high dielectric constant (high polarity). At the same time, the
viscosity of the solvent has to be low to allow facile ion transport. It must be inert in
a high potential window and should not react with the charged surfaces of the elec-
trodes. The temperature window in which the solvent remains liquid should be high
and hence the solvent should have a low melting point (Ty,) and a high boiling point
(Tr). Additionally, a high flame point (Tf) is required for safe operation. To date,
there has been no single solvent identified which fulfils all these requirements and so
conventional solvents consist of a mixture of cyclic and linear aliphatic carbonates or
esters. ° An overview of carbonate based solvent molecules including the most im-
portant properties is given in Figure 2.6.

g Solvent Structure M.Wt T./°C  Ty°C  n/cP € Dipole T¢°C  d/gem™,25°C
g 25°C__ 25°C Y

S

2 Ethylene (EC) EB‘“ 88 36.4 248 (ii??é) 89.78 4.61 160 1.321
s 1

< carbonate \[": 102 488 242 253 6492 4381 132 1.200
5 Propylene (PC) o

7+ carbonate

o

i 90 46 91 0.59 3.107 0.76 18 1.063
£ Dimethyl (DMC) o (20°C)

]

£ carbonate /fk 118 -743° 126 0.75 2.805 0.96 31 0.969
£ Diethyl DEC) o Yo ™

S cadiXam ? 104 53 110 0.65 2.958 0.89 1.006
- - ! . g o

; Ethyl methyl o*o/

carbonate (EMC)

Figure 2.6: Overview of organic solvents for Li-ion battery electrolytes, including

the parameters of importance, adapted and altered from reference. &
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As seen from Figure 2.6, the polar cyclic carbonates propylene carbonate (PC) and
ethylene carbonate (EC) have high viscosity values. Accordingly, they need to be
mixed with a low viscosity and low melting point compound like dimethyl carbonate
(DMC), ethyl methyl carbonate (EMC) or diethyl carbonate (DEC) to guarantee
fluidity and hence easy ion transport. Earlier, research was focused on PC based elec-
trolytes, since the similar compound EC has an extremely high T,,. Unfortunately,
PC cannot be used in Li-ion batteries equipped with carbonaceous anode materials
since PC does not form a stable SEI film on the anode but rather co-intercalates,
causing exfoliation of the graphene layers and disintegration of the anode. EC, on the
other hand, forms a stable SEI and is hence used as a solvent, even though the high

73,74

Ty, is unfavourable for low temperature applications. The cyclic carbonates are

also the preferred species in the first solvation sheet of Li ions, interacting with Li

72,75 1. .
*? Li salt concentrations are commonly around 1 M,

through the carbonyl oxygen.
with the most commonly used Li salt being LiPFg, because of its overall compromis-
ing properties with respect to the ionic mobility and dissociation constant. Alterna-
tive Li salts are. LiClO4, LiBF4, LiAsFg, LiTFSI (bis(trifluoromethane)sulfonimide

Li) and LiBOB (Li bis(oxalato)borate). "™

None of the known electrolyte compositions are thermodynamically stable in the op-
eration voltage window, but the stability limit is kinetically controlled under the pre-
sumption that passivation films prevent contact with the severely reducing or oxidis-
ing electrode surfaces. 813 Figure 2.7 shows the cyclic voltammetry profile of a
C/LiCoO; Li-ion battery and of the pure EC-DMC LiPFg electrolyte where the
counter electrode is amorphous Super P carbon against Li metal. The positive elec-
trode works within the stability window of the electrolyte, and the onset of decompo-
sition is at about 4.5 V vs. Li/Li " At potential of about 5 V the slope of the anodic
current density is strongly increasing, reflecting the rapid oxidative decomposition of
the electrolyte at these potentials. On the other side, the negative electrode works
outside the stability window, stressing the major importance of a passivation layer
preventing the reductive electrolyte decomposition.
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Figure 2.7: CV profile of EC-DMC, LiPFg electrolyte (blue) and a C/LiCoO; cell

(green) from. °

As a result of the vast requirements towards the electrolyte systems, there are several
additives available to enhance certain properties. For example, vinylene carbonate
(VQ) is often added as an interphase formation aid. Other additives enhance the sta-
bility of LiPFg which suffers from a labile P-F bond that would otherwise form the
highly reactive PF5 species and LiF. It has to be kept in mind that additives may
enhance some properties but could introduce new shortcomings in such a complex

system. An informative review about electrolyte additives by S. S Zhang is recom-
mended. "

Throughout this study, the electrolytes used were 1 M LiPFg in EC/DEC 3:7 by vol-
ume and later 1:1 by volume due to availability of ready mixed electrolytes from
chemical suppliers. Optimisation studies of the electrolyte are beyond the scope of
this thesis and were omitted.

2.8 Electrode interphases

The arise of a protective interphase on Li metal in contact with an aprotic electrolyte
was first reported by Peled in 1979. ™ He also termed this interphase the solid elec-
trolyte interphase (SEI) which is the common terminology today for the anode inter-
phase. Contrary to Li metal where the interphase forms instantaneously when the
metal is in contact with the electrolyte, the SEI forms on carbonaceous material dur-
ing the first cathodic polarisation. The discovery by Fong et al. that EC based elec-
trolytes form a stable film on graphite was the breakthrough both for EC based elec-
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trolytes and graphitic carbon anodes, since formerly used PC based electrolytes
caused PC co-intercalation, exfoliation of the van der Waals bound graphene layers

3,74
1. 73

and thus disintegration of the graphite materia While the exact mechanism of

SEI formation on carbonaceous materials is controversially discussed e.g. by Besen-
hard et al. and Peled et al., the chemical nature of the SEI is well known. 880 Re-
cent insights have shown that the cathodic reduction reactions of the electrolyte lead

to a multi-layered film. Figure 2.8 sketches the SEI on a graphite particle.

Porous
organic layer

Inorganic |4

Graphite

Figure 2.8: Multi-layered SEI on a graphite particle. 8t

The dense innermost inorganic layer mainly consists of LioCO3 and LiF. LixCOg is
primarily formed by the reductive decomposition EC, while LiF is a product of the
degradation of fluorine containing polyanions. Furthermore, reactions with contami-

. 76,81 84
nants can cause formation of both compounds.

The porous organic layer mainly consists of lithium alkyl carbonates and lithium semi
carbonates. These compounds are formed by a two electron reduction or by a one
electron reduction with subsequent radical termination of the cyclic and linear car-

bonates of the electrolyte solution. 887

The formation of these layers consumes Li ions and leads to an irreversible capacity
loss during the first cycle. The SEI must be an ionic conductor but at the same time
an electronic insulator, in order to act as barrier for further electrolyte decomposition
while allowing Li ion migration into the electrode. s Furthermore, it was shown that
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the SEI shows dynamic behaviour, meaning that its composition is altered in the del-
ithiated and lithiated state and that the amount of LiF grows during cycling of a Li-
ion battery. * SEI growth and an increased resistance caused by increased amounts
of inorganic compounds like LiF limit the lifetime of a Li-ion battery.

The positive electrode exhibits an interphase or surface layer which should, analogous
to the SEI, allow Li migration while building a barrier for further electrolyte decom-
position. ™ Many oxide materials tend to build a carbonate surface film, making it
hard to prevent Li;COjs formation. Usually this layer erodes in contact with acidic
electrolyte salts. ™ Andersson et al. reported LiF surface layers on pristine
LiNip§Cop 202 electrode laminates originating from dehydrofluorination reactions,
which are catalysed by alkali impurities in the solvent (l-methyl-2-pyrrolidone). 8
They further found polycarbonates, LiF, Li,PFy and Li,PF,O, on the cathode surface
of calendar-life tested batteries, originating from LiPFg decomposition and hydrolysis
reactions. » Thomas and co-workers reported similar interphase components for
LiFePO4 and LisFeSiO4 cathodes using LiPFg as the electrolyte salt. However, they
did not find any evidence for polycarbonates on either material. The same group fur-
ther investigated the surface layer of LisFeSiO4 using a LiTFSI electrolyte, showing a
completely different interphase. Polyethylene oxide polymer, resultant from decompo-
sition reactions of the cyclic carbonate, with embedded LiTFSI particles and minor
traces of LioCOg are the main components. The authors also found that the thickness
of this interphase is highly dependent on the state of charge while the interphase
from the LiPFg electrolyte stayed unchanged at different states of charge. 9092 Thege
thorough studies clarify the dependence of the interphase not only on the nature of
the electrode material but also on the electrolyte used.
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2.9 Separator

The separator in a Li-ion battery must provide a physical barrier to prevent a short
circuit between the electrodes. It has to be inert towards the electrolyte and dimen-
sionally stable within the operating temperature range of the battery and beyond. At
the same time it must be highly permeable to the solvent and solvated electrolyte
ions to offer a low electrochemical resistance. The most common separators for liquid
electrolyte Li-ion batteries are porous polyolefines like PE and PP or sandwich struc-
tures of both. * Figure 2.9 shows an SEM micrograph of a Celgard 2400 monolayer
PP separator, used in this study, with a thickness of 25 pm and a porosity of 40%.

Figure 2.9: Celgard 2400 monolayer PP separator. 9
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3. Lithium Transition Metal
Orthosilicates (LiaMSiOy)

3.1 General

This chapter describes the lithium transition metal orthosilicates. In the first part of
this chapter, an overview of physical, chemical and electrochemical properties is giv-
en. The second part discusses the effects of cationic substitutions and summarises
synthesis methods and morphological aspects of nanostructured lithium transition
metal orthosilicates.

3.2 Crystal structure and polymorphism

The LipMSiOs (M = Mn, Fe, Co) compounds belong to the tetrahedral structures
and exhibit rich polymorphism. In all cases the structure consists of a distorted hex-
agonal array of oxygen atoms (tetragonal packing) with half the tetrahedral sites oc-
cupied by cations. Different ordering of the cations and a variety of structural distor-
tions give rise to many polymorphs. The polymorphs can be divided into two groups.
In the first group all tetrahedra point in the same direction, adopting 8 LizPOy struc-
tures where the connectivity of all tetrahedra is accomplished solely by corner-
sharing. The second group adopts y LisPOy structures where tetrahedra are arranged
in groups of three, with the central tetrahedra pointing in the opposite direction caus-
ing distortion and edge-sharing between tetrahedra. If both § and y polymorphs exist
for a given transition metal, the latter is the high temperature form. 19 Figure 3.1
shows the three known [ polymorphs, namely {1, and B and inverse PBy. All three
crystallise in an orthorhombic system. The space group of 31 LisMSiOy is Pbn2; while
the Brr polymorphs have Pmn2; symmetry.

The difference between the 3 polymorphs is the connectivity of the tetrahedra. In the
Br structure, LiO4-MOy and LiO4-SiO4 build parallel alternating chains in the a-
direction and the structure can be seen as a framework. The By polymorph, however,
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is a layered structure with chains of LiOy tetrahedra and chains of alternating MOg-
SiO4 tetrahedra along the a-axis. A special case is Li2CoSiO4, which can be synthe-
sised in the inverse form of the By polymorph. % In this case, half of the Li occupies
the transition metal-site, and Co and the remaining Li ions occupy the Li-site.
LisFeSiOy4 shows a similar behaviour upon cycling which will be discussed in the next
section. The high temperature y polymorphs are shown in Figure 3.2.

Figure 3.1: Crystal structures of § Li,MSiOy4 a) By LioMSiO4 (Pbn2,) gs’b) Bu
Li,MSiOy4 (P'an1)96 - this work  hd ¢) inverse By LixMSiOy (Pmn21)94 illustrated
with VESTA.
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Figure 3.2: Crystal structures and edge-sharing tetrahedra of v Li:MSiO4 a) vo
Li;MSiO, (P2:m)", b) v LixMSiO, (P2;n)” ~ ™ Y™ and ¢) v Li;MSiO4 (Pmnb)”
illustrated with VESTA.

The yo polymorph is a framework structure which is characterised by an arrangement
of three tetrahedra, of which the central one points in the opposite direction resulting
in edge-sharing in a sequence LiO4-LiO4-MOy. The ys polymorph is a layered struc-
ture, similar to the Bi in connectivity of the tetrahedra but half of the tetrahedra
point in the opposite direction in a 2-2 sequence, resulting in edge sharing between
two LiO4 and MOy4-LiOy4 units. In the vy polymorph, tetrahedra also point in opposite
directions but in a sequence of 1-1, resulting in a layered structure where edge-
sharing between a central MOy unit with two LiO4 units occurs. In the case of
LisMnSiOy, another metastable polymorph was recently discovered by ion exchange
starting from NasMnSiOy4. This framework structure has P, symmetry and is illus-
trated in Figure 3.3. 9%
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Figure 3.3: Crystal structures of metastable P, LioMnSiO4 % illustrated with
VESTA.

An overview of which polymorphs have been synthesised with a given transition met-
al (Mn, Fe and Co) is given in Table 3.1. Included is the synthesis method, heat
treatment temperature and dwell time. Purely theoretical reports, which are available
for LipNiSiOy4 are not included in this table. * "

only one experimental study which claims the successful preparation of LisNiSiOu,

To the author’s knowledge there is

but the XRD data does not show any similarity with any other LisMSiO4 compound,

nor was any refinement performed and the results are omitted from the table. 102
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Table 3.1: Overview of synthesised Li.MSiO4 polymorphs.

Polymorph Compound  Synthesis method Annealing tem- Reference
perature [°C]| and
dwell time in
brackets [h]

B1 Pbn2; LiyCoSiOy Crystal growth not given Yamaguchi et al. %
Hydrothermal 700 (2) Lyness et al. %

B Pmn2; Li;MnSiO, Modified Pechini sol-gel 700 (1-96) Dominko et al. ''**
LisFeSiOy Hydrothermal 150 (72) Dominko et al. *°

Inverse-Bir LisCoSiOy Hydrothermal 150 (72) Lyness et al. 103

Pmn2; LisMnSiOy Ton exchange Duncan et al. ™

B Py

Yo P2n LisMnSiOy Solid State 1150 Politaev et al. '®
LiyCoSiOy Hydrothermal 1100 (2) quenched Lyness et al. '®

vs P2/n * LigFeSiOy  Solid-state 750 (24) Nytén et al.
LisFeSiOy Solid-state 800 (not given) Nishimura et al.'
LioFeSiOy Hydrothermal 700 (not given) Boulineau et al. '

yu Pmnb LisFeSiOy Solid-state 900 (168) quenched  Sirisopanaporn et al.
Li;MnSiO, Solid-state 900 (10) o7

108
Gummow et al.

*The first group who synthesised and characterised Li;FeSiOy suggested the symmetry to be Pmn2;

3.3 Lithium diffusion pathways

In the following section the diffusion pathways of Li ions in LixMSiO4 (M = Mn, Fe)
are summarised. The Co compound is disregarded since it is of less importance as an
alternative cathode material due to cost issues and toxicity of Co.

Table 3.2 comprises measured Li diffusion coefficients of LisMSiOs (M = Mn, Fe)
electrodes, including the polymorph and the method of determination For LisFeSiOy,
data suggests the diffusion coefficient to be in the range of 10" ¢m? s The data for
LisMnSiO4 shows quite some discrepancy but suggests even lower values for Li diffu-
sion. In general, the values of LisFeSiOy4 are in the same range as the Li diffusion co-
efficient of LiFePO,. " The Li diffusion pathways and calculated activation ener-
gies are discussed below.
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Table 3.2: Li diffusion coefficients of Li,MSiO, (M = Mn, Fe) electrodes.

Compound Polymorph  Method Dyy; [cm2 s'l] Reference
Li;MnSiO4 B Pmn2;  AC Impedance 3.4-107% Swietostawski et al. '
Li,MnSiO, Bu Pmn2;  AC Impedance 14710 Hwang et al. '’
Li,FeSiOy Ys P2m AC Impedance 1.38-10 Liet al. '
Li,FeSiO, Ys P2in Cyclic voltammetry 7.52:10 - 1.46:10 12 Zheng et al. 1
Li,FeSiOy4 Ys P2 AC Impedance 4510 *-5.37-10" Zhang et al. 115,116
LisFeSiOy

Most conventional synthesis methods lead to the layered ys polymorph. However,
LisFeSiO4 undergoes structural changes during electrochemical cycling. After removal
of half of the Li atoms from the structure, and thus complete oxidation of Fe’' to
Fe3+7 the system relaxes through a reorganisation of the tetrahedral orientation and
Li/Fe site reversal with Fe occupying the empty half of the Li-sites. The delithiated
reversed structure was calculated by DFT to offer a stabilisation of 70.25 eV per
formula unit against the delithiated non-reversed structure. After relithiation the re-
versed structure remains, with the inserted Li ions in the empty former Fe-sites. The
former Li-sites are now occupied by Li ions alternating with Fe ions. HTHS A long-
range order between the alternating LiO4FeO4 units has not been detected, but cal-
culations suggest a high degree of correlation. 2017 The result is two crystallograph-
ically distinct Li-sites, Lil and Li2. The former Fe-sites are exclusively occupied by
Lil. Li2 and Fe share the former Li-site. The structure is now a 3D-framework with
inverse 1 structure, similar to LioCoSiO4. The structure and Li pathways are shown
in Figure 3.4.
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Li10, Li20, FeO, sio,

Figure 3.4: Inverse By cycled structure of Li;FeSiO4 with the two possible Li
diffusion pathways in ¢ and b-directions. Redrawn from 20 using VESTA.

There are two possible pathways for Li diffusion. Armstrong et al. calculated the en-
ergy barriers for Li diffusion in the cycled structure and found the lowest activation
energy for Li diffusion to be 0.91 eV in the c-direction. This involves a zigzag like
path as shown in Figure 3.4. The second path is along the b-axis and has an activa-
tion energy of 1.55 eV. % The reported energy barrier is higher than for other Li-ion
cathode compounds (LiFePOs ~0.6 eV), implying a low rate capability for the sys-
tem.

LisMnSio,

The most commonly reported polymorph of LisMnSiOy4 is orthorhombic Br. This
structure has layers occupied solely by Li, which gives rise to two dimensional Li dif-
fusion. Figure 3.5 shows the two possible pathways for Li diffusion in the two dimen-
sional layer.
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Figure 3.5: Possible Li diffusion pathways in By LioMnSiO4 (Pmn2;).

The zigzag trajectory path along the c-direction was calculated to have the lowest
activation energy in the range of 0.95-1.03 eV whilst the straight path along the a-

direction has an activation energy of 1.13-1.29 eV. 21,119

However, upon delithiation Mn®' is oxidised to the highly Jahn-Teller active Mn®".
120121 Both Mn®" (Ar 3d") and, at severe delithiation, Mn'" (Ar 3d%) have electrons
in the high energy t2 orbitals in the tetrahedral environment. Accordingly, distortions
and finally a change in coordination stabilise the system. Mn®" has the highest crys-
tal field stabilisation energy in square pyramidal geometry and Mn'" in octahedral
geometry. A recent computational study by Saracibar et al. determined that the sys-
tem distorts upon delithiation by changes in the Mn coordination accompanied with

122

a loss of the orthogonal shape. Larsson et al. 2 also reported severe distortions of

the Mn units and both computational studies are supported by experimental studies

reporting capacity fade and loss of crystallinity upon cycling. 18,123

30



Chapter 3 Lithium Transition Metal Orthosilicates (Li;MSiOy)

3.4 Delithiation potentials

The potential at which delithiation occurs is dependent on the transition metal and
its environment. As previously mentioned, the inductive effect of the SiO4 groups
shifts the redox potential to higher voltages and thus makes the M2 / M?*" redox cou-
ples of Mn and Fe interesting.

Furthermore, the different polymorphs of LisMSiO4 generate different environments
for the MOy tetrahedra. While in B polymorphs only corner-sharing occurs, MOy tet-
rahedra share edges in the y polymorphs. This causes a reduced M-O bond length
and thereby a higher covalency. This results in higher energy differences of the bond-
ing and anti-bonding states, compared to the corner-sharing polymorph, and thus a
lowered redox potential. 4 In the case of LipFeSiOy the effect is only visible during
the first few cycles since all polymorphs relax to the inverse 11 form. It is even more
complicated for LioMnSiOy4 due to the structural collapse. Additionally, overpoten-
tials during the measurements caused by low conductivity, and hence a significant
charge transfer resistance, make it hard to compare different studies. Figure 3.6 com-
pares the deinsertion (delithiation) potentials of Mn and Fe from computational stud-

. 99,101 . 104,125,126
ies (Bu polymorphs) ™ and experiments. =

5,5+
> 5,04 g e Arroyo-de Dompablo et al. M*/M** GGA + U
S 45] 8 o Arroyo-de Dompablo et al. M*/M** GGA + U
P e Wuetal M*/M” GGA
$ 4,0 L] O o Wueta. M M" GGA
S 35] o ® Wuetal M*/M* GGA + U
5 ® @ © Weelal MM"GGA+U
£ 3,04 * Nytén et al. Fe”'/Fe* exp. 60 °C
S 55l Y *  Dominko et al. Mn**/Mn** exp. 60 °C
=7 % Muraliganth et al. Fe*/Fe* exp. 55 °C
2,0 T T

Figure 3.6: Comparison of delithiation potentials of By Li;MSiO4 from
computational and experimental studies. DFT data from Arroyo-de Dompablo et
al. ” and Wu et al. ' Experimental data from Nytén et al. 125 (Li;FeSiOy),
Muraliganth '* (Li,FeSiO;) and Dominko et al. '"* (Li;MnSiO,) (All experiments
carried out at elevated temperature).
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In both cases the data modelled by the generalised gradient approximation +
Dudarev method (GGA+U) approach is similar to the experimental data. Further, it
is noteworthy that the experiments were carried out at elevated temperatures. The
increased kinetics at higher temperatures reduces the overpotential and thus the de-
intercalation potentials are shifted to slightly lower voltages. The deinsertion and the
insertion potentials are influenced by different factors, such as the conductivity of the
material and the diffusion of Li ions which can lead to significant overpotentials both
in the anodic direction upon delithiation and in the cathodic direction upon lithia-
tion. The difference between the delithiation and lithiation potential is termed the
polarisation and should preferably be small to obtain a high energy efficiency. As
mentioned in the previous chapter, the stability of the electrolytes is limited to ap-
proximately 4.4-4.5 V, thus making it challenging to exploit the full potential of the
LisMSiO4 compounds.

3.5 Electronic behaviour

Electronic conductivity is of major importance for an electrode material, to allow the
redox processes to take place and to transport electrons to the current collectors. In
LiaMSiOy, the connectivity of MOy units is interrupted by SiO4 and LiO4 units. The
calculated band gaps for LiyMnSiO4 and LisFeSiO4 range from 3.4-4.2 and 3-3.3 eV,
respectively. 99,101,127 Accordingly, the expected behaviour is semi-conducting to insu-
lating. Dominko measured the electronic conductivity for both compounds and found
values of 310 'S cm ! for LioMnSiO4 and 2-10 29 em ! for LisFeSiOy4 at 60 °C. At
room temperature these values are expected to be two orders of magnitude lower,
which led him to the conclusion that a conductive coating and a nanosized material is
key to making both compounds work as an electrode material. ¥ The same author
also showed a conductivity increase from 10° S em™ to 10" S em™ for titania parti-
cles by introducing a thin carbon coating. Also highlighted was the importance of

this carbon coating for low conductivity electrodes like phosphates and silicates. o8
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3.6 Cationic substitutions on the M or Si-site

As previously mentioned, properties like stability, conductivity and redox potential of
LisMSiOy are strongly dependent on the transition metal cation. LisFeSiO4 can deliv-
er one Li per formula unit while sustaining a stable structure, while LisMnSiOy gives
rise to the possibility of a two-electron reaction at more moderate potentials than Fe.
Accordingly, it is not surprising that researchers have tried to combine these proper-
ties by synthesising solid solutions of the general formula LisFe;MnSiO4. The re-
sulting polymorph of such a solid solution is dependent on the synthesis conditions,
such as temperature and the amount of each cation. Under conventional synthesis
conditions (T = 600-700 °C) Li»FeSiOy is present in vs and Lip2MnSiOy4 in B poly-
morphs. Solid solutions thus often contain a mixture of these polymorphs. 28 An ear-
ly computational study concluded that Fe substitution in LisMnSiOy4 could stabilise
the structure and that a composition of LisFegsMng5SiO4 should be capable of deliv-
ering more than one Li per formula unit whilst maintaining structural integrity. 129
On the contrarily, a more recent study concluded that just 12.5 mol % Mn substitu-
tion into the structure would have a destabilising effect. » Additionally, experimental
studies come to the conclusion that Mn substitution in LipFeSiO4 causes irreversible
capacity fading, with clear trends visible in the slope of the capacity decay against

. 18,130-132
the Mn concentration.

Another strategy to stabilise the structure of LiaMnSiO4 has been the introduction of
inert diluents like Mg2 ". Gummow et al. synthesised a yo Mg substituted LisMnSiO4
but electrochemical cycling still resulted in a capacity fade. 133 Zhang et al. reported
Cr substituted LisMnSiO4 nanofibres with enhanced capacity and capacity retention
compared to a non-substituted sample and argue that increased unit cell dimensions
stabilise the structure. "** A recent computational study by Saracibar et al. concluded
that Ni substitution could stabilise LiaMnSiO4 but their experiments with low Ni
concentrations did not show any stabilising effect and they failed to synthesise
LisMnSiO4 with Ni concentration higher than 20 mol %. 122 Another computational
study suggested a mixed metal orthosilicate of the general formula LisFejy.
yMnNiySiOy4, analogous to the mixed metal layered oxides, to have superior proper-
ties with respect to a stable reaction with more than one Li per formula unit. 127,135
Kuganathan et al. suggest Al substitution on the Si-site with excess Li on interstitial
positions for charge compensation to increase the capacity of LiaMnSiOy. 2

Another interesting approach is the incorporation of V into the structure of
LisMSiOy4. V is known as a cathode material in the form of V5Os, 213

computational study has shown up to 50 mol % V substitution in LisFeSiO4 to be

6
and a recent
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stable and to give rise to three additional redox couples. BTV can be present in a
divalent-to-pentavalent state with an accordingly decreasing ionic radius, which
would also give rise to the possibility of substituting Si by V. B8 A computational
study by Liivat and Thomas supports the possibility of low level (< 30 mol %) substi-
tution of V on the Si-site being beneficial in terms of conductivity and capacity by
the V*' /VS' redox couple at potentials < 3 V. 159
tion metal in polyanionic compounds is influenced by the polyanion group, the redox

As the redox couple of the transi-

potential of V should show significant differences when it populates either the polyan-
ionic or the cationic site. However, experimental studies of V doping in Li2FeSiOy4
show inconsistencies. A study by Hong et al. shows the appearance of V containing
spinel phases at higher doping levels and a general decay of the electrochemical prop-
erties. " Zhang et al. substituted up to 7 mol % V on the Fe-site of LiyFeSiO, and
found a strong increase of electrochemical properties for 5 mol % V substitution.
They further show that almost all major LioFeSiO4 diffraction peaks disappear at

141 . . .
Hao et al. reported an increase in electrochemical per-

higher V concentrations.
formance when 10 mol % V is substituted on the Si-site of LisFeSiO4. ** No compu-
tational studies concerning V substitution in LisMnSiOy4 are yet available. A broader
experimental substitution study including up to 10 mol % V on either the Mn or Si-
site of LiaMnSiO4 by Deng et al. demonstrated an increased discharge capacity for 5
mol % V on both sites, but deterioration for 10 mol % V. M3 A recent study by
Hwang et al. reports an increased Li diffusion coefficient for 5 and 10 mol % V incor-
poration on the Mn-site of LisMnSiO4 but no redox activity of V was detected, nor

did it influence the stability. 12

Other authors report positive effects of Co and Cr substitution in LisFeSiOy. 115,116

The incorporation of Ni seems to be challenging. A study by Jaén et al. revealed an
increase in LisSiO3 and a Fe-Ni alloy with increasing substitution level of Ni in
LioFeSiOy, suggesting a difficulty in keeping Ni in a divalent state under the synthe-

sis conditions applied. 1

An important point is often disregarded when substitution/doping effects are dis-
cussed, namely the interrelation of substitution and the resulting morphology and
microstructure. Especially for compounds with low ionic and electronic conductivity
like the orthosilicates, changes in microstructure drastically change the electrochemi-
cal properties. The incorporation of a foreign species to the synthesis can alter the
microstructure, and thus the electrochemical performance, and should not be ignored
when discussing cationic substitution. 7
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3.7 Synthesis methods and electrochemical properties of

nanostructured carbon coated Li2MSiO4 compounds

There are various methods reported to synthesise nanostructured LisMSiOs com-
pounds and this section will briefly summarise selected examples. In principle, top-
down methods like solid-state reaction combined with high-energy ball milling and
wet chemical bottom-up methods are distinguished. But various wet chemical means
are also combined with high energy milling for de-agglomeration. Common approach-
es are solution gelation methods where different complexing or chelating agents like
citric acid or a combination of citric acid and ethylene glycol (Pechini) can be added.
16,18,96,104,111,114,128,130,134,140-143,145-156. g1 ti0n combustion methods have also been ap-
plied. Here, a fuel like sucrose or PVA reacts spontaneously with an oxidiser resulting
in the combustion of the material. ""** Further advanced methods include sol-

16,126,159-162
A and pol-

vothermal methods, which often work at supercritical conditions,

yol methods. 163 Not only wet chemical approaches have been reported. Some authors
. . . 131,164-166

report aerosol processes like spray pyrolysis or spray drying. Table 3.3

summarises some synthesis methods including secondary phases, particle size, surface

area, carbon content, discharge capacity, rate and temperature, when given.

Table 3.3: Nanosized Li,MSiO4 compounds

Synthe- Com- Synthesis Sec. Parti- C Potential Capacity Ref
sis pound description phases cle size con- window and charge rate
method and tent temperature in C or
surface if not meas- current
area ured at room  density
temp.
Solu- LixMnSiO;  Modified MnO 20-50 nm 5% 2-4.2 V 60 °C 140 mAhg 104
tion Pechini + ball C/20
gelation milling
LixMnSiO;  Citric acid sol-  MnO 50 nm * 1.5-48 V 145 mAhg™ 148
gel C/16
Li,FeSiO,  Citric acid sol-  Fe 42 nm - 1.5-4.8 V 152 mAhg 18
gel C/16
LisMnSiO;  Sol-gel - 21 nm 89% 1548V 204 mAhg” 155
70 ln’zgjl 30 InAgl
Li;MnSiO;  Modified Mn,SiO;  50-80 nm 7% 1.5-4.6 V 144 mAhg 6
Pechini MnO 10 InAg’l
LisFeSiO;  Solution - 30-50 nm  16%  1.5-48 V 225 mAhg" 154
polymerisation C/16
LisFeSiOy Tartaric acid - 30 nm 8% 1.5-4.8V 177 mAhg’l 1
assisted sol-gel 62.1 ng'l 0.5C
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150

LisFeSiOy PVA assisted Li5SiO3 20 nm 5.5% 1.5-42V 165 mAhg1
sol-gel LiFeOsy 21 m’g" C/16
Solvo-  LiFeSiO;  Microwave - 20 nm 12%  1.5-4.8 V55°C 200 mAhg 126
thermal assisted solvo- C/20
thermal
LixMnSiO;  Microwave - 20 nm 12% 1548 V55°C 250 mAhg” 126
assisted solvo- C/20
thermal
LisFeSiOy Ascorbic acid 60 nm - 1.5-4.6 V 167 mAhg'1 167
mediated - 36.6 m’g” C/10
hydrothermal
LisFeSiO;  Solvothermal ~ no XRD  Ultra-thin - 1.5-4.8 V45°C 340 mAhg" 160
nanosheet C/50
LisMnSiO4  Solvothermal no XRD  Ultra-thin - 1.5-4.8 V 45 °C 350 mAhgj1 160
nanosheet C/50
Com- Li;FeSiO;  PVA assisted  LinSiO;  37.7m’g! - 1.5-45V 135 mAhg™ 198
bustion combustion C/16
LisFeSiOy  Sucrose assist-  Phase 29 nm 11.4% 1.8-4 V60 °C 130 mAhg™ 157
ed combustion  pure 60 ng'l C/20
Aerosol  Li,MnSiO;  Spray pyroly-  MnO 50 nm 6.8%  1.5-4.8V60°C 230 mAhg’ 164
pro- sis and ball C/20
cesses milling
LisFeSiOy Spray pyroly- LisSiOg 65 nm 20% 1.5-4.8 V 155 InAhg{l 165
sis and ball C/20
milling 168
LisFeSiOy Solution spray - 20-40 nm  16.7% 1.5-4.8 V 165 mAhg{l
drying 84.1 m’g” C/5 169
Solid LisFeSiOy Solid state and  FeO 50-150 - 2-3.7V 60 °C 102 mAhg'l
state high energy nm 4 mAg'1 -
milling !
LisMnSiO;  Solid state MnO -
embedded in 50 nm 246V 215 mAhg’l
graphene C/20
nanosheets
*
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It is clearly seen from Table 3.3 that a variety of results is achieved by different
means. Direct comparisons can be problematic since many parameters have to be
considered. Many reports use C rates without defining C. Also, potential windows of
the electrochemical tests are different and the temperature at which the test was per-
formed varies. Additionally, not all the information is given in every report. For ex-
ample, some authors report extremely high carbon contents but the report does not
clarify if the amount of C is subtracted from the sample weight when calculating the
specific capacity.

Also, the table shows that synthesis of LiaMSiO4 compounds rarely leads to phase
pure materials. Often reported secondary phases are binary oxides like MnO or FeO,
and meta- and orthosilicates like LisSiOs, MneSiOg4 or FesSiO4. In the case of
LisFeSiOy, the reduction to elementary Fe is also observed. 158

Additional to a small particle size, the porosity of the synthesised material is of im-
portance since a high porosity in the meso and macro ranges enable a high contact

. . 7,72,114,150,167,171,172
area of the electrolyte and hence high reaction rates. "'~ 7" %"

However, the
tapping density has to be considered. Some authors report high capacity with nano-
particles or nanocoatings on carbon nanotubes, nanoparticles in a graphene network,

or ultrathin nanosheets 2216017017 I™ - Thege structures might create high specific
gravimetric capacities but will deliver extremely low tapping densities, and hence

volumetric capacities, so these structures are of scientific value only.

Generally, a carbon coating is meant as conductivity enhancer and should uniformly
surround the particles and be thin enough to allow easy Li diffusion. % Most com-
monly, the coatings are generated during reducing or inert heat treatment by the
pyrolysis of carbon containing compounds. Further, the Boudouard reaction generates
CO, which acts as a reducing agent for the transition metal, which is not necessary in
the divalent state before the heat treatment.

For the carbon coating, we distinguish between two different routes. In the first
route, an organic molecule or macromolecule is added during a wet chemical synthe-
sis. This could form complexes or be evenly distributed in the resulting solid precur-
sor. The second route is the mechanic introduction and homogenisation of an organic
molecule, macro-molecule or amorphous carbon by mortaring or milling. A homoge-
nous, thin layer of carbon is important to guarantee an overall conducting matrix.
Furthermore, the amount of sz hybridised carbon should be high since it has been
shown to have a major impact on the conductivity of the coating. 17 Commonly ap-
plied carbon formers are mono-, di- and poly-saccharides like glucose, 170 sucrose,
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126,155,157,164,176 150,156,158 this study 153,177

corn-starch and cellulose or cellulose acetate.

Also common are carboxylic acids, which are often already added during the synthe-

34,156,178 104,142,173
d,

. .. . . S 123 . .
sis. Examples here are adipic aci ascorbic acid, citric acid, py-

114

romellitic acid " and tartaric acid. Some authors use polymeric substances like

polyacrylnitrile, 1 poly-N-vinylformamide, 1w polyethylene-polyethyleneglycol copol-

155,172 . . . 168
' Further, carbonaceous materials like pitch or

131,169

125 . .
ymer or phenolic resin.
acetylene black are used in some studies.
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4. Brief description of the applied
Synthesis methods

4.1 Overview

There are numerous sophisticated synthesis means available for exploration of com-
plex phases. All samples prepared in this thesis were either synthesised by a sol-gel
route or by liquid-feed flame spray pyrolysis. Subsequently, the samples were an-
nealed under reducing conditions to obtain the desired phase. The following chapters
summarise the principles of the synthesis techniques applied.

4.2 Sol-gel synthesis

4.2.1 Silicate based sol-gel process

The sol-gel process is a wet chemical precursor process used to synthesise ceramic
powders. It includes the synthesis of either a stable suspension of colloids, called a
colloid sol, or a polymeric solution without dense particles, called a polymeric sol.
The process continues with gelation of the sol and removal of the solvent by a drying
step. 179 Sol-gel processes were first discovered with silicon. Silicon alkoxides are less
reactive than metal alkoxides since silicon offers only one stable oxidation state and
is less electropositive. Thus, a change in the coordination number during reactions
does not occur. The kinetics of hydrolysis and condensation are relatively slow and

e . . 179,180
silicon sol-gel chemistry can be done in water based systems. '™

A typical silicon
sol-gel precursor is tetraethyl orthosilicate (TEOS). As shown in Figure 4.1, TEOS is
insoluble in water, hence a common solvent for TEOS and water is often added. This

L 181
is in many cases ethanol.
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Figure 4.1: Ternary phase diagram for TEOS, ethanol and H,O 181

Alcohols are not only solvents but also take part in the reactions. The formation of a

sol includes the steps of hydrolysis and condensation. The according reactions are

given in the following equations: 180

= Si— OR + H:0 == = §j— OH + ROH (3.1.1)

esterfication

= S’L _ OR + HO _ SZ = alcohol condensation = SZ _ 0 _ SZ = +ROH (312)

alcolysis

=8i—OH + HO - §j = —=tedstion o = i () — §i = +H>0 (3.1.3)

hydrolysis

The reaction rates are strongly pH dependent and they affect the resulting sol. As
shown in Figure 4.2 a) the hydrolysis rate is minimal at pH 7. The hydrolysis is gen-
erally acid or base driven and at pH 7 the concentration of oxonium and hydroxide

. . . 180,182
ions is at its lowest. 80,18

Basic conditions also promote condensation, thus, base
catalysed processes end in a colloidal sol while acid catalysis ends in polymeric sols,
as shown in Figure 4.2 b). Furthermore, the reaction rates are dependent on the na-

ture of the alcoholate ligands, the water content and the reaction temperature. 183
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Figure 4.2: a) pH dependence of the reaction rates for hydrolysis and
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condensation b) pH dependence of the polymerisation of aqueous silica

The evaporation of solvent molecules and further growth of the clusters by either
polycondensation in an acidic environment or cluster aggregation in a basic environ-
ment leads to a point where clusters collide. At this point the clusters percolate, i.e.
they build a giant cluster that spreads through the whole reaction container. This
point is termed the gel point %0 Since the viscosity of a sol is dependent on the shear
rate applied, the viscosity is not an optimal parameter to determine the gel point.
More precise information can be extracted by the loss tangent (tan 8), which goes
through a maximum as the gel point approaches and then declines. The maximum in
a tan 0 plot is caused by a more rapid increase of elastic behaviour of the network

. L 185
than the increase in viscosity.

4.2.2 Multi component sol-gel processes

There are many sol-gel related processes known to form multi-component oxides or
silicates. Metal alkoxides can be used as sol-gel precursors, but their reactivity is
much higher since metal alkoxides are more electropositive than silicon alkoxides. In
addition, many metal cations can undergo redox reactions and change their coordina-
tion number during nucleophilic attacks. These characteristics force metal alkoxide

sol-gel syntheses to be water-free. 179,182
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Another sol-gel related process is the Pechini method, where metal cations are dis-
solved in water, and citric acid and ethylene glycol are added. Citric acid acts as a
chelating agent for the metal cations and at elevated temperatures the ethylene gly-
col undergoes polyesterfication reactions with the carboxyl groups of citric acid, caus-
ing a gel network to form. 182 Many different complexing (chelating) agents and di-
alcohols can be combined in Pechini-like sol-gel syntheses.

In this study, the desired structure is LiaMSiOy4 so the silicon alkoxide based sol-gel
route is applicable. Lithium and transition metal salts are mixed with the silicon
alkoxide. Polyvinyl alcohol (PVA) was chosen as the complexing agent in this study.
The hydroxyl groups of PVA can complex metal cations and they can also undergo
condensation reactions with the hydroxyl or alkoxyl group of the condensed silanol
chains or build up hydrogen bonding and thus enable a homogeneous distribution of

186,187

cations throughout the network. The precursors used were metal nitrates and

tetraethyl orthosilicate. The synthesis conditions were kept acidic to form a polymer-
ic gel and to avoid Mn oxidation and or precipitation in the form of hydroxides. 188
The vanadium precursor used for the synthesis of samples in paper II and III was
ammonium metavanadate (NH4VOs3) since simple vanadium nitrates are not availa-
ble. Working in an acidic environment is also beneficial for vanadium chemistry since
monomeric vanadium oxo-ions are formed rather than poly-ions. 189 During the first
syntheses of vanadium substituted LMS (paper II) the vanadium precursor was add-
ed to the nitric acidic Mn precursor. Later, a more sophisticated route was explored
and is described in paper III. The vanadium precursor was dissolved in a 1.5 - molar
amount of oxalic acid prior to mixing with the other precursors. Dissociated oxalate
ions did partly reduce vanadium from +5 to +4, accompanied with a change in solu-
tion colour from yellow to a deep greenish blue. Furthermore, oxalate ions can com-

190,191

plex vanadium oxo-ions, which can be beneficial for the formation of a homo-

geneous gel.
4.2.3 Gel ageing

During ageing of a gel the structure undergoes further processes that lead to a
strengthened network. Further polymerisation occurs by condensation reactions.
These increase the connectivity of the network and may cause syneresis, shrinkage of
the gel caused by expelling liquids from the pores of the network. There are two dif-
ferent syneresis processes, namely macro and micro syneresis. In the former process
shrinkage occurs over the whole network, while in the latter case a phase separation
occurs. This process is driven by a greater affinity of the polymer for itself, leading to

formation of polymer clusters and areas of free liquid. '™
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The network can also undergo coarsening or ripening processes. These processes are
driven by dissolution and re-precipitation reactions. In particulate gels different radii
of curvatures of the particle surface result in different solubility and neck growth.
This process does not lead to shrinkage of the network since there is no bulk mass
transport. 179 Crystallisation may also take place during gel ageing. All ageing phe-
nomena mentioned above have a strong influence on the drying process. A strength-
ened network can withstand the high capillary forces which are active during drying
and can yield in a highly porous powder. '™ This is beneficial for a LipMSiO, cathode
since the high surface area of a nanosized porous powder can overcome the low ionic
conductivity of the orthosilicates by minimising the mean diffusion length.

4.2.4 Gel drying

Prior to any annealing a gel needs to be desiccated. The desiccated gel is termed
xerogel when desiccation is performed at subcritical conditions which allow shrinkage
of the network. The drying process can be divided into two main stages, namely the
constant rate period (CRP) and the falling rate period (FRP).

During the CRP the gel surface is always wet, so the meniscus of the liquid-vapour
interface is fixed to the gel surface. The shrinkage of the gel is equal to the volume of
liquid evaporated. Liquid flows from the inside to the surface of the gel to keep the
surface wetted since capillary forces and adsorption work against an exposure of the
solid surface. This results in the formation of concave menisci. As a result the liquid
is in tension counterbalanced by the gel in compression. The soft structure of the gel
causes it to contract into the liquid filled pores. In the CRP the radii of the menisci
are larger than pore radii but decreasing in size while the gel network becomes stiffer

due to the reduced porosity as drying proceeds. 179

The forces on the gel network are maximised at the end of the CRP when the radii of
the menisci become equal to the pore radii. This stage is called the critical point. A
highly porous structure might collapse due to the enormous capillary forces at the
critical point. Therefore, if a porous structure is requested, gel ageing prior to drying

is required to strengthen the network. 179,182

After the critical point the liquid menisci move into the pores of the network during
the FRP. Further drying mechanisms during the FRP are fluid flow and vapour

phase diffusion. 179
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4.3 Liquid Feed Flame Spray Pyrolysis

Liquid-feed flame spray pyrolysis (LF-FSP) is a relatively new procedure for the
preparation of nanoparticles. It is, so to speak, the logical advance of well-known
flame processes like flame hydrolysis, which is used for the commercial production of
soot (carbon black), pyrogenic silica, titania and other oxides. 19219 The main issue
with flame hydrolysis production of oxide materials is the need for a volatile metal
halogenide (SiCly, TiCly) and the release of gaseous HCL. LF-FSP bypasses these is-
sues by using liquid precursors. During the LF-FSP process a liquid precursor is
pumped through a nozzle, where it gets nebulised by a dispersion gas stream and
forms an aerosol. The dispersion gas (often O2) also acts as an oxidiser. Alongside the
nozzle is the burner, where a flame is fed by a constant flow of fuel (CHy, CoHy, H2)
and oxidiser (O2, air). The aerosol droplets evaporate and combust and form a self-

194

sustaining flame. = After leaving the flame the powder is guided to a filter by an air

stream.
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Figure 4.3: Particle formation and growth during liquid feed flame spray

pyrolysis 193

Usually in LF-FSP processes, organometallic compounds such as metal alkoxides,
carboxylates, acetylacetonates and acetates are dissolved in organic, combustible lig-
uids like ethanol, toluene, xylene and acetyl acetone. Simple metal nitrates can also
be applied as long they are soluble in a combustible media for example an ethanol
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water mixture. "7 During LF-FSP not only do the fuel, oxidiser and burner geom-
etry control the flame temperature but also the combustion of the precursor liquid
itself. The temperature, which can be well above 2000 °C for particle loaded CH4/O2
flames, and the residence time are the most important factors controlling the result-

193,194

ing particle morphology. Figure 4.3 illustrates the particle formation and

growth mechanisms during LF-FSP.

The elevated temperatures during combustion ideally lead to the formation of a ho-
mogeneous gas phase monomer which forms the first nuclei. These nuclei grow by
collisions with additional monomers and finally coalesce and form nearly spherical
primary particles. The primary particles further develop by surface growth and coag-
ulation and coalescence by Brownian motion, forming fractal structures. These too
merge and finally build fractal aggregates which can be held together by either van

193,198

der Waals forces (soft) or sinter necks (hard). Finally, particle growth becomes

sluggish and halts when the temperature becomes much lower further away from the

. . 193
flame, comparable to a quenching mechanism.

In this study, for the flame driven synthesis of LisMSiO4 compounds, metal nitrates
and tetraethyl orthosilicate were dissolved in ethanol/water and ethanol/p-xylene
with ratios of 5:1. The solutions were sprayed into a CHy/Oy (flow rate 1.5/3 Lmin™)
flame at a constant solution and dispersion gas (O2) flow rate of 5 mLmin"'. The
pressure drop (dispersion gas at the nozzle tip) was set to ~2.0 bar. The extremely
short residence time and the extremely high temperature hinder the formation of the
orthosilicate phase, which usually occurs at temperatures of 600-800 °C and pro-
longed dwell times. Even though, reducing flames or inert shielding gases are appli-
cable during LF-FSP, no such experiments were carried out due to the risk of fully

. .. 22,193,199
reducing the transition metal. =

4.4 Phase formation and carbon coating

The resulting dried xerogels from the PVA assisted sol-gel route were amorphous
multi-phase compounds with high contents of organic residues and unreacted ni-
trates. In some cases minor precipitation of LiNOs was also observed. A calcination
step is hence necessary to eliminate these residues and nitrates. This step gives a bet-
ter control for the mass ratio of active material to the carbon former. Knowledge ob-
tained previously in the research group showed that decomposition is finalised at
temperatures > 400 °C. 158 Accordingly, the xerogels were calcined at 450 °C for 1 h
in air or 5% Hs 95% Ar. The reducing atmosphere during calcination was chosen to
hinder Mn oxidation upon nitrate decomposition and to preserve the carbon of the
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organic residue. The LF-FSP powder on the other hand, does not require any calcina-
tion since it consists of mixed oxides and minor amounts of carbonates.

Prior to the final heat treatment, the samples were mixed with the carbon former. In
this study the carbon former was corn-starch, which was chosen based on previous
experience, 58 Jow price and ease of handling. The carbon former was mixed with the
orthosilicate precursor using two different methods. All sol-gel powders were inten-
sively wet mortared with corn-starch using ethanol as dispersant. The LF-FSP pow-
ders on the other hand were extremely voluminous and fluffy which made homogeni-
sation by mortaring problematic. The LF-FSP powders were instead mixed by wet
ball milling on a roller bench. The powder and corn-starch were mixed with an
equivalent volume of YSZ grinding balls (@ 5 mm), ethanol as dispersant and ball
milled for approximately 10 h to ensure homogenisation. Afterwards, the powders
were dried and heat treated in a tubular furnace at temperatures between 600-700 °C
for a period of 10 hours under a constant flow of 5% Hs 95% Ar, 2% Hy 98% Ar, or
100% Ar.

In addition to the temperature, the gas composition and flow have a major impact on
phase formation and purity. Fe especially, is very sensitive to the level of pos. Fe is
commercially produced by carbothermal reduction of Fe-containing ores in blast fur-
naces and the thermodynamic stability region of divalent Fe at elevated temperatures
is extremely limited, as shown in the oxygen partial pressure / temperature phase
diagram of the Fe-O system in Figure 4.4.
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Figure 4.4: Temperature pressure phase diagram calculated for the Fe-O system
200
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The silicate structure might stabilise the divalent Fe but the po2 needs to be con-
trolled by the gas flow and amount of carbon former to hinder Fe reduction. Reduc-
tion of Mn, on the other hand, does not occur since elementary Mn is not thermody-
namically stable under the given boundary conditions. 21 Ty contrast to Fe, a more
reducing atmosphere resulted in higher phase purities of the LioxMnSiO4 samples syn-
thesised in this study.
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5. Summary of the main results

5.1 Foreword

The following chapter summarises and discusses the main findings of the 5 papers the
dissertation is composed of. The chapter is divided into 5 sections, where 1 section is
dedicated to the main findings of each paper. All results achieved in this study, and a
more thorough discussion can be found in the corresponding papers.

5.2 Synthesis of LioMnSiO4 by an acidic PV A assisted
sol-gel method

The first objective of this study was to elaborate a wet chemical process, which al-
lows the synthesis of highly phase pure LisMnSiO4 with a desired porous nanostruc-
ture. A sol-gel method based on metal nitrates and tetraethyl orthosilicate was cho-
sen as an adequate and controllable synthesis method. In chapter 4 the importance of
the pH value on the resulting gel was described, and for Mn chemistry a low pH val-
ue is crucial to hinder oxidation and precipitation of Mn hydroxides. Polyvinyl alco-
hol was chosen as a complexing agent to promote a homogeneous network. It was
found that the amount of PVA has to be limited to suppress a spontaneous combus-
tion of the gel upon drying. The gelled solutions were aged for 72 h to increase the
strength of the network in order to withstand the forces upon drying and hence result
in highly porous nanostructures. The dried gels were calcined to decompose the or-
ganic PVA matrix and the nitrates. During the first calcination, the po2 showed a
strong impact on the phase purity of the final powders, since a high po2 would pro-
mote the oxidation of Mn to higher valences and the complete removal of the carbon
containing matrix by carbon oxidation to CO and COs.
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In addition to the carbon residues from the thermal pyrolysis, varying amounts of
corn-starch were added to form a carbon coating. This mixture was finally heated
under inert and reducing atmospheres to obtain highly porous, nanosized and carbon
coated LisMnSiO4 compounds. Also here a high impact of the pos towards the phase
formation was detected. The po2 is in this case governed by the applied atmosphere
and flow rate, as well as by the Boudouard reaction and hence the amount of the
carbon source employed. Highest phase purities were achieved using 5% Hs in Ar and
corn-starch amounts > 25 wt. %. The structural model of LixMnSiOy, adopting a B
LisPOy4 structure, suggested by Dominko et al.'® was confirmed by a full pattern re-
finement. A slightly simplified description suggested by Li et al. % and later by Sato

et al. "' was used as the starting point for the refinement. The refined powder X-ray
diffraction pattern and the structural parameters are given in Figure 5.1 and Table

5.1 respectively.

Li,MnSiO, + 25% starch ] Observed
Calculated
El Difference
S, "6 18 20 | Pmn21
%‘ Mo Ko radiation ! Lizsio3
_.GC_J, R,=4144 | MnO
C

| | |I|| I| II\“I |‘|||I||||n||u "I'"""'I"""”"H u|||||||rr| wmln|lmﬂwlm‘ﬂmwnmw
5 10 15 20 25 30 35 40 45 50 55 60 65 70 7
Position 20 [°]

Figure 5.1: Full pattern refinement of a LiMnSiO, sample containing 25 wt. %
corn-starch. hkl values of Pmn2; Li;MnSiOy4, Li»SiO3 and MnO are included.
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Table 5.1: Structural parameters obtained from Rietveld refinement of
LizMnSiO4

Space group: Pmn2;
a = 6.30570(31) A
b = 5.38379(28) A
c = 4.96512(24) A

Atom Wyckoff x y z Atom Occ. B (A%
Li 4b 0.2424 0.3313 0.8647 Li' 0.9972 0.30(16)
Mnon  4b 0.2424 0.3313 0.8647 Mn®"  0.0028 0.30(16)
Li

Mn 2a 0.5000 0.8327 0.8327 Mn®' 0.7930° 0.58(12)
Si 2a 0.0000 0.8196 -0.0792 sit! 1 0.92(14)
o1 b 0.2136 0.6717 0.8059 ok 1 0.45(15)
02 2a 0.0000 0.1229 0.8484 0% 1 1.19(16)
03 2a 0.5000 0.1707 0.7533 0” 1 0.48(16)

! Almost no Li Mn anti-site defects detectable > Underestimation of the 2a Mn?' occupancy

The refined data fits well with data from the literature confirming the Pmn2; Bn

16096161 Noteworthy is that the 2a occupancy of Mn®' is slightly underesti-

structure.
mated without showing high amounts of Li/Mn anti-site defect. But it has to be kept
in mind that the powder sample was prepared as active cathode material and not for
structural refinements. The nanostructure and the amorphous carbon content hence
limit the ability of structural refinements. Powder X-ray diffraction patterns of
LisMnSiOy4 samples using varying amounts of corn-starch as carbon source, and the
calculated phase fractions are given in Figure 5.2. The samples with a low amount of
corn-starch showed traces of MnsSiO4 and LisSiOs. Diffraction lines which can be
attributed to a yi (Pmnb) polymorph of LixMnSiO4 were also present. Higher corn-
starch amounts resulted in high phase purities of By LisMnSiO4 and minor traces of
MnO.
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Figure 5.2: Powder XRD patterns a) and calculated phase fractions b) of
Li;MnSiO,4 samples with varying corn-starch amounts. Markers show the visible
peaks of the secondary phases and the ¥II polymorph of Li,MnSiO, (Pmnb)
(PDF 01-080-8499), MnO (PDF 04-015-5273), Li»SiO3 (PDF 00-015-0519),
Mn,SiO, (PDF 00-009-0485).
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The addition of the carbon source also influenced the morphology of the resulting
powders. To characterise the active surface area (external surface area) of the materi-
als, the amount of surface area attributed to microporosity (< 2nm) has to be sub-
tracted from the BET surface area according to T-plot theory. The surface area of
the samples and the carbon content including the correlation of carbon content and
microporosity is shown in Figure 5.3. The carbonising additive was shown to hinder
particle growth and the external surface area saturates for corn-starch amounts above
30 wt. %. The microporosity is increasing with increasing corn-starch content. Fur-
thermore, Figure 5.3 shows the microporosity to strongly correlate with the measured
carbon content after the reducing heat treatment. Hence, the microporosity in the
sample is caused by the carbon coating. This is in agreement with TEM observations,
pointing out the porous nature of the coating. 25 and 50 wt. % corn-starch addition
resulted in 9 and 27 wt. % carbonaceous residue, respectively. While the latter value
would be beneficial for the conduction of electrons, it reduces the gravimetric and
especially the volumetric amount of active material in the compound.
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Figure 5.3: a) BET surface area divided into external area and micropore area of

Li,MnSiO4 samples with varying addition of corn-starch prior to annealing. The
inset shows a TEM micrograph of a sample containing 50 wt. % corn-starch. b)
Resulting carbon content (left ordinate black triangles) and the correlation to

the microporosity (right ordinate blue circles) values.

The galvanostatic cycling curves of all samples are shown in Figure 5.4 a). The ap-
plied current density was 10 mAg’l. LipMnSiOy is a rather poor electronic conductor
(3~10714 Sem ' at 60 °C)718 hence only minor electrochemical activity was detected for
samples with no or minor carbon content. The highest discharge capacity was ob-
served for the 25 wt. % corn-starch sample. Higher corn-starch amounts caused the
capacity to decrease again.
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Figure 5.4: a) First and second galvanostatic cycle of the Li,MnSiO, samples
with varying corn-starch amount. The measurement was carried out at room
temperature and a current density of 10 mAg™” in the potential window from 1.5
to 4.5 V. b) First galvanostatic cycle of the samples containing 25, 35, 45 and 50
wt. % corn-starch. Note: Here the carbon content presented in Figure 2 was
subtracted from the sample mass! c¢) Discharge capacity evolution of all samples
during 15 cycles. First 5 cycles at 10 mAg'l, the following 5 cycles at 80 mAg'1
and the final 5 cycles again at 10 mAg'l.

All samples showed a prominent irreversible loss during the first cycle. This loss of
up to 30% cannot be solely explained by side reactions like the oxidative electrolyte
decomposition. Furthermore, a significant difference in the charge and discharge
curve profiles was present. The charge profile reassembles a plateau like profile at
potentials > 4 V. Against that, the discharge profile is strongly sloping. The domi-
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nant loss in combination with a strongly sloping discharge profile indicates severe
structural changes upon cycling. Dominko confirmed the amorphisation of the struc-
ture upon first oxidation by X-ray diffraction. ¥ This amorphous structure seems to
not allow full relithiation. Additionally, in the amorphous state the connectivity and
orientation of the tetrahedra may be altered. The redox potential of a transition met-
al is strongly influenced by the ionocovalent character and hence its chemical envi-
ronment. In the By polymorph each Mn is bound to 4 SiO4 groups which raise the
redox potential of Mn by an inductive effect. B A change in connectivity and chemi-
cal environment would cause variations in local redox potentials and hence would
explain the strongly sloping curve. Trivalent Mn is well known to be Jahn-Teller ac-

12021 1) 4 tetrahedral environment the triply de-

tive in an octahedral crystal field.
generated to states are higher in energy than the doubly degenerated e, states. Since
the crystal field energy in a tetrahedral field is lower than the spin pairing energy,
the electrons of Ar 3d* ion Mn*" would singly occupy the eg and 2 of the t2 levels
according to Hund’s rules. This energetically unfavourable state would lead to strong
distortions und could result in changes in the Mn coordination. This behaviour is also

predicted by computational studies. *'**

Upon the second oxidation the charge pro-
file showed a steep slope as well. The decreased performance at higher corn-starch
amounts is caused by the reduced amount of active material in the composite. Figure
5.4 b) shows the first cycle of the 25, 35, 45 and 50 wt. % samples with subtracted
carbon content. The curves look nearly identical and reach a discharge capacity of
about 110 mAhg'l. This value corresponds to the exchange of 0.66 Li per transition
metal cation, and further suggests that 25 wt. % corn-starch is satisfactory to build

up a carbon coating with a sufficient electronic conductivity at slow charge rates.

Samples containing 25 and 50 wt. % corn-starch were also cycled at a low current
density of 3.3 mAg " to a higher cut-off voltage of 4.8 V. These materials reached ca-
pacities of 170 mAhg’1 and 192 mAhg'1 on the first discharge, respectively, when the
amount of carbon was subtracted from the sample mass. The corresponding first
charge capacity was in both cases close to 300 mAhg'l. Even though side reactions
will account for a part of the charge capacity at these high potentials, the values
strongly suggest that more than 1 Li per formula unit were extracted.

At a higher current density the samples with corn-starch amounts > 25 wt. %
showed a higher capacity, as seen in Figure 5.4 c). This suggests that the electronic
conductivity to be rate limiting for the 25 wt. % corn-starch samples at higher cur-
rent densities. Overall, all samples regardless of carbon content suffered from steady
capacity decay. Figure 5.5 shows the long-term performance of the 25 and the 50 wt.
% corn-starch samples at a current density of 10 mAg’1 in a potential window of 1.5-
4.8 V. The cells were cycled for 100 cycles, and while the coulombic efficiency ap-
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proaches values between 90 and 100%, the capacity fades rapidly. The slope of the 50

wt. % corn-starch sample is less steep, indicating that the structural amorphisation

has a more prominent impact on the Li-extraction/insertion kinetics of larger parti-

cles present in the 25 wt. % corn-starch sample. Ultimately, both samples loose al-

most all their capacity after 100 cycles.
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Figure 5.5: Long-term cycling of LixMnSiO, samples with 25 and 50 wt. % corn-

starch addition at 10 mAg'1 in a potential window of 1.5-4.8 V. The black

outlined symbols show the discharge capacity on the left ordinate, while the blue

outlined symbols show the coulombic efficiency on the right ordinate.
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5.3 Feasibility of cationic substitutions in LioaMnSiOy4

On basis of the synthesis elaborated in Paper I cation substituted samples were syn-
thesised, with the aim to investigate changes in the electrochemical properties and
the structural stability during cycling. The samples prepared in this study were heat
treated in a different tubular furnace, which resulted in slightly reduced surface area
values with correspondingly slightly lower capacities. Two different substitutes were
investigated, namely Fe and V. The former was substituted on Mn-site, while V was
substituted on either Mn- or Si-site.

It was possible to substitute up to 20 mol % Mn by Fe using the synthesis method
described in Paper I. Higher concentrations of the Fe(NOs)s precursor caused a too
acidic environment and did not show proper gelation. Instead of a gel, a resin-like
viscous mass developed which did not lead to the desired nanostructure. Fe substitu-
tion led to phase purity as shown in Figure 5.6. At 20 mol % Fe substitution a very
weak signal corresponding to elementary Fe could be identified in the X-ray diffrac-
tion pattern, indicating that further increase in the Fe substitution level would not
only require an altered synthesis but also a less reducing atmosphere. Additionally,
Fe substitution showed a slightly negative effect on the external surface area values.
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Figure 5.6: Phase fraction of the Fe substituted samples. Secondary phases
present were MnO and Li;SiOj3. The inset shows a magnified region of the full

pattern fit, indicating traces of elementary Fe in the 20 mol % Fe sample.
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The electrochemical properties of the Fe substituted samples were assessed by gal-
vanostatic cycling. The first galvanostatic cycle of LiasMn; Fe,SiO4 samples where x
=0, 0.1, 0.15 and 0.2 is shown in Figure 5.7. The cells were cycled at 10 rnAg'1 in a
potential window of 1.5-4.8 V.
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Figure 5.7: First galvanostatic cycle of Li,Mn,.xFe,SiO, samples (x = 0, 0.1, 0.15
and 0.2) at 10 mAg™.

The charge behaviour of the Fe substituted samples resembles the profile of the refer-
ence sample. Even at 20 mol % Fe substitution no reactions at lower potential ac-
cording to the Fe’' / Fe*' redox couple could be detected during the first charge. Oxi-
dation of Fe hence could have occurred already upon storage of the powders prior to
battery fabrication. The discharge revealed activity that can be attributed to the
Fe?' /FeS‘ redox couple. Despite the increased polarisation of the 10 mol % Fe sam-
ple, the discharge curves of the Fe substituted samples resemble the profile of
LisMnSiO4 down to potentials of about 2.5 V. At this point a change of slope in the
discharge profile occurs for LioMnSiO4. The slope of the Fe substituted samples stays
almost unchanged and just shows a kink in the slope at potentials close to cut-off.
The different profile of the substituted samples suggests that a different process oc-
curs in this region. The equilibrium Fc27/Fe37 redox potential in Py LisFeSiO4 was
measured by Sirisopanaporn et al., using a galvanostatic intermittent titration tech-
nique, to be 3.1 V. 24 Inversion of the structure upon cycling and polarisations cause
a reduced lithiation potential of about 2.7-2.8 V, which resembles a relatively flat
profile over a large compositional range. 15125 In a Mn rich solid solution of the gen-
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eral formula LisMn; <FexSiO4 the FeOs units would experience distortions caused by
the difference in ionic radii of Mn and Fe. These distortions could influence the bond
length and hence lower the Fe%/Fe3+ redox potential. 21 More importantly, the
structural instability caused by Mn described in the previous chapter will cause
changes in the chemical environment of Fe and thus result in a sloping profile in the
discharge curve for the Fe reduction as well. The performance of the 10 mol % Fe
sample shows slightly higher polarisation and no overall gain in capacity, while the
capacity of the 15 and 20 mol % sample is increased by 20 and 27 mAhg_1 respective-
ly. If this increase is solely caused by Fe redox activity, these values correspond to
~80% of the theoretical value for the Fe’ /Fe®" reduction. Despite the increased ca-
pacity, Fe substitution did not influence the stability, and capacity fade was observed
for all samples.

The next step was to incorporate 5 mol % V into the Br structure of LisMnSiOy,
which was shown to be successful and the corresponding X-ray diffractograms are
shown in Figure 5.8. To form a sufficient carbon coating on V substituted samples 40
wt. % corn-starch was necessary. Accordingly, a reference sample was synthesised
containing 40 wt. % corn-starch. The increase in the necessary amount of corn-starch
was later in the project found to be caused by inconsistencies in the gas flow and fur-
nace atmosphere.

Observed
Calculated
Difference

Li,Mn, ..V, .SiO,

095" 05

LiZMnSiO 95V0.504 |

MnO

3
S I B,Pmn2,
%‘ Iy, Pmnb
ch I Li,Sio,
-
£

20 30 40 50 60 70

Position 26 [°]

Figure 5.8: Powder XRD patterns of the nominal compositions Li;Mng 95 V.055104
and LioaMnSi.05V.0504 including hkl markers of the calculated phase fractions,
namely By Pmn2;, yu Pmnb, Li;SiO3 and MnO.
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Both samples showed similar phase purities as the reference. In the case of
LiasMnSip.95V0.0504, small amounts of the high temperature yi polymorph were pre-
sent. First attempts to analyse the site occupancy of V were based on the Ellingham
diagram of the V-O system. 202,203 According to this V should be present in a triva-
lent form and hence most probably occupy the Mn-site. An earlier broad substitution
study by Deng et al. concluded V to be trivalent. The authors argued that trivalent
V could occupy both sites since its ionic radius lies in between the radii of Mn?" and
Si*" in tetrahedral coordination. While the comprehensive work by Shannon 8 does
not include data for the ionic radius of V*' in a four-fold coordination, the difference
in ionic radius between Si*" and V37, both in six-fold coordination, is 44%. Assuming
a similar trend for both cations in a four-fold coordination makes it unlikely that
large amounts of V¥ could occupy the tetrahedral Si-site without severe structural
consequences.

The V substituted samples showed a better electrochemical response with a slightly
reduced polarisation and irreversible capacity loss. The improved performance and
the fact that the V substitution in LisMnSiOy4 is yet not well understood, led to a
further investigation of V substitution in these materials.

5.4 Investigations on V substitution in Li;2MnSiOy4

To further investigate the possibility of substituting V for Mn or Si, two concentra-
tion series were synthesised. The V content was progressively increased in 5 mol %
steps. To allow a good control about the synthesis, slight modifications, as described
in the previous chapter of this thesis, were necessary. Nominal compositions LisMnj.
xVxSi04 (0 < x <0.2) and LipMnSi;VxO4 (0 < x < 0.3) were synthesised with 25 wt.
% corn-starch addition as carbon former. All samples were analysed by means of
powder X-ray diffraction. The patterns of LisMn;xVSiO4 (0 < x < 0.2) are presented
in Figure 5.9.
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Figure 5.9: a) Powder XRD patterns of the nominal compositions Li>Mn; 4 V«SiO4
(0 £ x £0.2), b) Magnified regions 16-30.5 and 54-65 ° 20. Calculated hkl values
of Bu Pmn2; Li,MnSiOy4 included. Further included are markers to indicate the

secondary phases MnO, Li»SiO3; and the new appearing V containing spinel phase

which can be indexed to V,MnO4 (PDF 04-004-4965).
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The reference sample showed minor traces of Li2SiO3 and MnO. The same is valid for
5 mol % V substitution. If the substitution level is further increased, the MnO sec-
ondary phase disappears and instead a V rich spinel phase with its main 311 diffrac-
tion line at 34.9° 20 appears. The magnified regions in Figure 5.9 b) show a progres-
sive increase of the spinel phase. Furthermore, a vertical line as guide to the eye is
included for the the 200 diffraction line of B Pmn2; LixMnSiO4. No major changes in
peak positions were observed, but the intensity was progressively decreasing and the
peak shapes showed broadening for higher V levels. Reduced intensities were also
detected for 010, 011 and 002 diffraction lines at 16.4, 24.4 and 36.2° 20, while other
peaks seemed rather unchanged in intensity. Figure 5.10 shows details of the struc-
ture of Bir Pmn2; LixMnSiOy including the 010, 011 and 002 lattice planes. Both 010
and 011 cut Mn, which offers the highest electron density. The same is valid for 200,
but for clarity of the figure this was excluded. The observations that the peaks corre-
sponding to the lattice planes with a high electron density governed by Mn are de-
creasing in intensity, while at the same time the amount of a V containing spinel
phase is increasing leads to the conclusion that V solid solubility is very limited. Ele-
vated concentrations of V, which is octahedrally coordinated and trivalent in the spi-
nel phase, 21 4o not populate the tetrahedral Mn-sites but rather causes phase sepa-
ration.

Figure 5.10: Atom arrangements in By Pmn2; including the 010, 011 and 002
lattice planes. Bonds and tetrahedral isosurfaces are excluded to increase the
readability of the figure.
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V substitution on the Si-site did not cause the appearance of V containing spinel
phases. The only secondary phase which showed an increasing amount with increas-
ing V concentration was a rock-salt structured MnO related phase. Moreover, clear
peak shape broadening and a slight shift to higher 20 angels of this phase was de-
tected. The patterns were fitted to a LiaMnSiO4 model elaborated earlier in this
study, as shown in Figure 5.11. Incorporation of V into the model in order to find the
site occupancy would be more than questionable, since the nanocrystalline character
and low signal to noise ratio caused by the amorphous carbon would not allow a
meaningful refinement. Additionally, irregular changes in peak intensities and sub-
stantially increased intensities of the Pmn2; 110 and 101 diffraction lines were ob-
served. Interestingly, the position of the former changed within the concentration
series while the latter stayed at its initial position. Increasing disorder in the crystal
structure, as well as local deviations can be expected.

64



Chapter 5 Summary of the main results

Intensity [a.u.]

Li,MnSi,_V O,

R _=10.46
wp

Observed ! Li,MnSiO,
—— Calculated I Li,28i0,
Difference | __MnO
T T T T T T
20 30 40 50 60 70

Position 20 [°]

Figure 5.11: Powder XRD patterns of the LioMnSi;«VxO4 (0 < x < 0.3)
concentration series fitted to the model shown in the previous section.
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The increased intensity of the two peaks could indicate a partly inversed structure,
where with increasing V concentration either Mn or V partly occupies Li-sites. This
behaviour is well known to occur in LisFeSiO4 upon cycling. The material undergoes
a transition to an inversed PBr structure which is similar to the structure of
LisMnSiOy, but Fe occupies half the Li-site. The reversal causes increased intensities
of the 110 and 101 diffraction line peaks. % Pmn2, lattice parameters, the calculated
crystallite size and the carbon content from TGA analysis are given in Table 5.2. The
lattice parameters in the concentration series show a minor inconsistent trend to an
increased cell volume. This observation was unexpected, since even pentavalent V has
a bigger ionic radius than Si, and should influence the lattice parameters more pro-
nounced if it substitutes Si. Crystallite sizes were calculated to range between 36-56
nm from the full width at half maximum of the 011 peak.

Table 5.2: Lattice constants and XRD crystallite sizes of the mnominal
compositions Li;MnSi; V504 (0 < x £ 0.3)

x in A[A] B[A] C[A] Cell vol-  Crystallite  Carbon

LiosMnSi;_, V04 ume [A3] size content

[nm] [wt. %]
0 6.30499(35) 5.38475(78) 4.96513(66) 168.570(40) 41.1 6
0.05 6.3041(12)  5.38533(91) 4.96266(88) 168.481(52) 37.9 5
0.1 6.30693(95)  5.38441(82) 4.96386(73) 168.568(44) 38.5 5
0.15 6.3038(12)  5.3859(11)  4.9640(11)  168.538(61) 55.8 4
0.2 6.3043(14)  5.3844(14)  4.9622(13)  168.442(73) 42.5 4
0.25 6.30972(96) 5.38682(34) 4.96421(75) 168.730(45) 36.2 5
0.3 6.3004(12)  5.3880(10)  4.96461(93) 168.801(55) 36.6 5

To further investigate the incorporation of V and to support the findings made by X-
ray diffraction, the nominal compositions LisMnSiO4, LisMnSipgVo104 and
LisMnSig 75V.2504 were examined by scanning transmission electron microscopy cou-
pled with energy dispersive X-ray spectroscopy and electron energy loss spectroscopy.
EDS was applied to map the element distribution. The distribution of Si, O, and Mn
was homogeneous in all cases and despite the carbon coating, no amorphous areas
were detected. Figure 5.12 shows the elementary distribution of a 25 mol % V substi-
tuted sample.
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Figure 5.12: EDS map of Si, O and Mn of a LixMnSig.75V(.2504 sample. HAADF
micrograph with indicated mapping area is included.

EELS is a powerful tool which allows not only to map the elemental distribution, but
also to distinguish oxidation states of chemical elements. High resolution EELS map-
ping with sub-pixel alignment was performed to map the V distribution. The setup
described in Paper III was carefully chosen to hinder beam damages during acquisi-
tion, since V is prone to reduction if exposed to the high energy electron beam for
25200y distributions  in LixMnSig9Vo10s and
LisMnSig75Vp.2504 are shown in Figure 5.13. The V distribution in the structure is

prolonged periods of time.

highly inhomogeneous, where distinct areas show a much higher V content. These V
inhomogeneities will have a major influence on the local compositions of the materials
and probably cause numerous defects like stacking faults and local breaches of sym-
metry. These results indicate that it is highly unlikely that V occupies one distinct
crystallographic site in the material. The primary valence of V was the same in both
samples, but the 10 mol % and the 25 mol % sample showed some different minor
signal corresponding to different secondary oxidation states. The V Ly 3 and the cor-
responding Mn Ly 3 from the same location are shown in Figure 5.14. The minor sec-
ondary signal (blue dashed line) originated from a different location of the map.
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a) Li;MnSig 9V.104 b) LioMnSi 75V0.2504

EELS V Map

Figure 5.13: HAADF STEM micrographs of the nominal compositions a)
LizMnSi0,9V0,104 and b) Lile’lsig,75V0.2504. Areas of EELS spectra acquisition are
highlighted. EELS V maps of C) Lile’lSio.gVU.lo4 and d) LizMHSi0_75V0,2504.

The energy loss at the peak onset, the shape of the fine structure, and comparison to
data from other well established microscopy research groups 207,208 suggest the major-
ity of V to be present in a tetravalent state. Computational studies by Liivat and
Thomas suggest the tetrahedral structure of the orthosilicate framework is offering a
stabilising effect on VO,4* units. ' Differences were detected in a slightly different
minor V signal in both samples. In the case of LiaMnSip V(104 the minor signal was
shifted towards a lower energy loss, and the difference in onset was 0.8 eV. In
LisMnSig 75Vp.2504 the opposite trend was detected. A minor signal with higher ener-
gy loss, shifted about 1.2 eV in onset, was observed. These shifts in onset correlate
excellently with reported values 27 and can be attributed to small amounts of triva-

lent V present in LisMnSip9V104 and pentavalent V in LisMnSig75V0.2504. The fine
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structure of Mn, in close neighbourhood to the measured V signal can be clearly at-
tributed to divalent Mn. 27 However, minor fractions of trivalent Mn were also de-

tected in all samples, which could be a result of charge compensation.
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Figure 5.14: Major V Lj3 and the corresponding Mn Lj 3 acquired from the same
pixel (solid lines) and minor V L, 3 signal from a different pixel of the nominal

compositions a) LioMnSip9V(.104 and b) LisMnSi.75V.2504.
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The V signals corresponding to a different valence require charge compensation. A
lower valence could be compensated by partly oxidation of Mn to a trivalent state.
Pentavalent V on the other hand, would require the formation of vacancies in the Li
or Mn sub-lattice.

Furthermore, EDS mapping of Mn and O rich particles, which can be attributed to
the MnO related phase, also showed considerable amounts of V. This suggests that
the secondary phase detected by XRD should more correctly be addressed as rock-
salt structured Mn;<VyO (1-x+y < 1). It cannot be concluded if the increase in this
phase indicates a thermodynamically limited solid solubility or if it is due to the
thermal and atmospheric history of the samples. Reduction of the initially pentava-
lent V to a trivalent or even divalent state could occur during the annealing step,
and our findings suggest only limited solubility for the trivalent ion. A mnon-
stoichiometric situation may occur if parts of the V is reduced and cannot be incor-
porated into the structure. This resulting non-stoichiometry would then cause segre-
gation of the excess Mn and Li. The inhomogeneous character, the different oxidation
states of V, and the increasing amount of the Mny.V,O (1-x+y < 1) will cause sig-
nificant amounts of point defects and defects of a higher order in the structure. Hence
it might alter the electronic structure of the material and possibly also affect the Li
diffusion.

Galvanostatic cycling revealed no improved properties of the nominal compositions
LisMn;«VSiO4 (0 < x < 0.2) (see Paper II), while the nominal compositions
LisMnSi;«ViOy (0 <x < 0.3) showed superior properties compared to the reference
sample. Figure 5.15 shows the first galvanostatic cycle of LisMnSij«ViOs4 (0 <x <
0.3) at a current density of 10 mAg'l.
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Figure 5.15: First galvanostatic cycle of the nominal compositions LioMnSi; ,VxO4
(0 < x £0.3) recorded at room temperature and a current density of 10 mAg'l.

An increased discharge capacity within the concentration series which peaks at 25
mol % V is observed. The 15 mol % sample showed a slightly decreased capacity
compared to the 10 mol % sample. XRD data suggested the crystallite size of this
sample to be significantly larger, which could have a negative influence on the
charge/discharge characteristics of this sample. The 25 mol % V substituted sample
offered a 25% increase in charge capacity and 60% in discharge capacity, compared to
the values of the reference sample. The irreversible capacity loss hence is decreased to
a value of 20%. However, the sloping discharge profile suggests the known structural
collapse of LiaMnSiO4 to also occur in V substituted samples. The less pronounced
change in slope at a potential of about 2.5 V which changes also in the concentration
series indicates increased redox activity at low potentials. Additionally, a remarkable
improvement in rate capability was observed. Figure 5.16 shows LiasMnSig 75V 2504
cycled at different current densities. At a current density of 160 mAg-1 the sample
delivers a comparable capacity to the reference at 10 mAg". Comparing the given
values to values in Figure 5.4 shows a major improvement at elevated current densi-
ties.
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Figure 5.16: LioMnSi.75V.2504 cycled at different current densities, values given
in the Figure.

In order to understand the reasons for the improved electrochemical response, the
samples were analysed by AC impedance at open circuit conditions. The impedance
profile in Nyquist representation resembled a depressed semi-circle in the high fre-
quency region followed by a line profile. The data was fitted to a modified Randles
circuit. The first resistor accounts for the electrolyte resistance Re.. The following el-
ements in parallel are a resistor accounting for the charge transfer resistance R¢, and
a constant phase element (CPE) accounting for the double layer capacitance Qqi. The
depressed profile of the semi-circle is most probably caused by an inhomogeneous
charge density distribution due to the porous structure. A CPE instead of a normal
capacitor in parallel to the resistor (Cole element) was chosen to account for this de-
pressed profile. The low frequency part of the impedance spectra was fitted by an
open circuit terminus Generalised Finite Warburg element (W,). The Nyquist plot
with the suggested equivalent circuit model in the inset is shown in Figure 5.17.
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Figure 5.17: AC impedance data of Li;MnSi;«VO4 (0 < x < 0.3) in Nyquist
representation, including the fitted line and the equivalent circuit.

The AC impedance data further allows the estimation of the Li diffusion coefficient
according to a Warburg model with a linear overvoltage-current relationship. 209,210
Table 5.3 shows the parameters for Re, Ret, and Dpi. V substitution influences the
charge transfer resistance and the Li diffusion coefficient. The results are in agree-
ments with the galvanostatic cycling experiments. A strongly decreased charge trans-
fer resistance is observed for V substitution levels > 15 mol %. The lowered charge
transfer resistance is probably caused by VO, units interrupting the strongly insulat-
ing SiO4 framework. The defects in the structure seem to also positively influence the
diffusion coefficient for Li ions for all V substituted samples, as Dr; is found to be one
order of magnitude higher than the reference value. The exact values have to be tak-
en with caution since the assumptions made (Paper III) do not reflect the reality.
The observed relative trends should still be valid.
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Table 5.3: Electrolyte and charge transfer resistance data, and the calculated Li
diffusion coefficients from fitted AC impedance data of LioMnSi;xVx04 (0 £ x <
0.3).

x in Li;MnSi;. V404 'R, [Ohm] "Re¢ [Ohm] Dy [em?s™

0 6.312 (1.11%) 84.31 (3.42%) 9.7E-16
0.05 8.08 (0.76%) 86.43 (0.89%) 8.1E-15
0.1 8.86 (0.85%) 95.41 (1.31%) 3.6E-15
0.15 7.61 (1.20%) 31.88 (1.36%) 1.6E-14
0.2 9.51 (0.82%) 49.29 (1.16%) 3.1E-15
0.25 6.78 (0.84%) 24.76 (1.78%) 3.0E-15
0.3 7.71 (1.12%) 43.49 (1.18%) 5.2E-15

1 - - - 2 . - - -
Uncertainty given in brackets. © Assumptions are described in the main text.

Cyclic voltammetry was carried out to reveal if any additional redox activity occurs
in V substituted samples. Figure 5.18 shows the voltammograms of the first and sec-
ond cycle of LisMnSi;«V¢Os (0 < x <0.3).
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Figure 5.18: Cyclic voltammograms of the first and second cycle of the nominal
compositions LiMnSi;,Vz04 (0 < x £0.3) at 0.1 mVs™t.

On the first anodic polarisation one peak was detected corresponding to the oxidation
of divalent Mn. The onset and the centre of the anodic peak are shifted to slightly
lower potentials with increasing V concentration. Furthermore, the anodic peak area
is increasing in the concentration series and peaking at 25 mol % V substitution. The
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signal for 30 mol % V substitution is reduced again and the data is in agreement with
the galvanostatic load curves. On the subsequent cathodic polarisation two broad
peaks are observable, where the first minor peak is located at about 3.8 V and the
second major peak at about 2.7 V. The split into two extremely broad peaks can di-
rectly be attributed to the structural degradation, since the redox potential of a given
cation is dependent on its chemical environment. Here, the first minor peak is be-
lieved to correspond to Mn still in its initial coordination, while the second major
peak at lower potential can be attributed to the altered chemical environment. For V
substituted samples both peaks are shifted to slightly higher potentials, which is
caused by a decreased overpotential due to a lowered charge transfer resistance. An
additional peak appears for V substituted samples, which is located at potentials
close to the cut off. Upon the second anodic polarisation, the reference sample shows
two broad anodic peaks, one obvious and the other barely visible. The same peaks
are observed for the V substituted samples, with the same increasing behaviour as
described for the first cycle. In addition, a new anodic peak, of increasing intensity
within the concentration series, at about 2.7 V is observed. The second cathodic po-
larisation qualitatively resembles the first cycle where V substituted samples show an
increased response, and the additional peak at relatively low potentials. Liivat and
Thomas calculated the redox potential of V¥"™/V°" vs. Li/Li" to be 2.1 V in a hypo-
thetical LisFeVOy structure. 139 This value would fit to the observed additional anod-
ic peak at 2.7 V and the cathode peak below 2 V, but cannot explain why no addi-
tional anodic peak was observed upon the first oxidation. Contrary, if V would occu-
py Mn-sites, its redox potential should be strongly influenced by the inductive effect

of the polyanion, and hence located at higher potentials. d

The structural changes that are proposed by CV and galvanostatic cycling were ex-
amined by in situ X-ray diffraction upon galvanostatic cycling, using Mo K, radiation
in transmission mode. LisMnSiO4 and LisMnSig75V0.2504 were chosen for investiga-
tions, and the evolution of the Pmn2; 111 200 and 210 020 double peaks was investi-
gated. For an adequate time resolution the scan time was limited to about 22 min per
scan, while the cells were cycled at a low current density of 10 mAg"l. The level plots
of LisMnSiO4 and LipMnSig 75V.2504 are shown in Figure 5.19 a) and b) respectively.
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Figure 5.19: In situ XRD upon the first two galvanostatic cycle of a) Li,MnSiO4
and b) Lile’lSi(]_75V[)_2504.

The peak intensity of both samples is decreasing upon the first oxidation. In both
cases the peaks corresponding to the Pmn2; structure diminish into the background
noise at capacities close to the value for the one electron reaction. V substitution
shows no stabilising effect on the well-known structural degradation. The amorphisa-
tion was shown to be irreversible since none of the corresponding peaks reappears
upon reduction or the subsequent cycle.
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5.5 Liquid-feed flame spray pyrolysis as scalable
LioMnSiO4 synthesis approach

A scalable, not too time consuming, and inexpensive synthesis method, capable of
producing large amounts of orthosilicate materials with a desired nanostructure, is
crucial if these materials should ever been considered as an alternative electrode.
Dahbi et al. addressed this issue for LiaFeSiOy4, and invented a combustion synthesis
which is rather quick and could eventually be scaled up. 17 Furthermore, it is well
known that the industrial production of nanoparticles is feasible by aerosol flame
processes. Combining such a process with a liquid precursor leads to liquid-feed flame
spray pyrolysis (LFSP). This process has been explored during the last couple of dec-
ades and is used for the synthesis of ceramic nanoparticles. 194 However, this method
was never applied to LioMSiO4 materials. Since the project was so far focused on
LisMnSiOy, it was also the material of choice for liquid-feed flame spray pyrolysis. To
keep the synthesis cost low it was attempted to use an ethanol/water (5:1 by volume)
based solution and waive expensive metal alkoxides as Mn and Li precursors. Howev-
er, tetraethyl orthosilicate was the logical Si source due to its solubility in ethanol.
Unfortunately, water has a negative influence on the enthalpy of combustion which
led to inhomogeneities in the resulting morphology. To increase the enthalpy of com-
bustion and hence the combustibility, the metal nitrates and TEOS were dissolved in
pure alcohol. Additionally, 20 vol. % p-xylene was added to the solution as fuel en-
hancer. P-xylene has a high enthalpy of combustion (AH® = -4552 kJmol ™ at 25 °C
1) compared to ethanol (AH® = -1366 kJmol™ at 25 °C *'%)
fluence on the combustibility of the solution. As previously discussed, the addition of

and showed a high in-

a carbon former hinders particle growth during annealing, and hence it was possible
to preserve the nanostructure during phase formation and carbon coating. A reducing
heat treatment was still necessary to form the orthosilicate phase. As presented in
chapter 3, the kinetics of phase formation at the moderate applied temperature are
rather sluggish. The short residence time in the heat zone of the flame and the oxidis-
ing nature of the combustion itself did not allow for phase formation. The heat
treatment parameters were revaluated for this different synthesis approach, and final-
ly powders were annealed at 650 °C for 10h in a flow of 5% Hj in Ar. 25 wt. % corn-
starch acted as carbon source. Figure 5.20 points out the morphological differences of
the two approaches, where a) shows the as-pyrolysed powder from the 5:1 etha-
nol/water solution and b) the reduced and carbon coated sample. The sample from
the 5:1 ethanol/p-xylene solution are shown in the as-pyrolysed state in ¢) and in the
reduced and coated state in d). The ethanol/water combustion resulted in an inho-
mogeneous powder morphology. In addition to the desired nanoparticles, the powder
contained a high amount of spherical particles in the sub-pm to pm range. The in-
creased enthalpy of combustion of the ethanol/p-xylene solution resulted in much
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higher homogeneity of the powder. Only a few larger particles were still present. The
inset of Figure 5.20 d) shows a TEM micrograph of the loosely agglomerated nano-
particles of about 20 nm in size.

Figure 5.20: FE-SEM micrographs of a) the as-pyrolysed and b) the carbon

coated powder from EtOH/H,O solution. c) shows the as pyrolysed powder from
the EtOH/p-xylene solution, and d) the corresponding carbon coated sample.
The inset shows a TEM bright-field micrograph of the same sample.

The resulting powders offered an amorphous carbon content of 6 wt. % and exhibit-
ed high phase purity. The sample from the ethanol/p-xylene solution showed only
MnO as secondary phase. Samples with 6 and 9 mol % Mn sub-stoichiometry were
synthesised to analyse the possibility of eliminating the secondary phase. The phase
fraction and the calculated crystallite size from the full width at half maximum are
summarised in Table 5.4 Where the figure behind M indicates the nominal Mn stoi-
chiometry. Figure 5.21 shows the full pattern refinements of the sample with 6 mol %
Mn sub-stoichiometry and the evolution of the MnO secondary phase with decreasing
Mn content.
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Table 5.4: Phase fractions of LMS, LMO0.94S and LMO0.91S from EtOH/p-xylene

solutions according to Rietveld refinements.

Sample Index Li,MnSiOy4 MnO Li,SiO3 Crystallite
[wt. %] [wt. %] [wt. %] size from
XRD [nm]
LMS 97 3 - 23.5
LMO0.94S 99 - 24
LMO0.91S 96.5 1.5 2 25
a)
Rwp: 8.79
»  Observed
I —— Calculated
'; —— Background
d Difference
S, I Pmn2,99 wt. %
= I MnO 1wt %
% 16 18 20 22 24 26 28 30 32 34 36 38 40
E
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Figure 5.21: a) Full pattern refinement of a nominal 6 mol % Mn sub-

20 30 40 50 60 70 80 90 100 110 120 130 140
Position 20 [°]

O
~

LiMn, SiO, .

Intensity [a.u.]

32 34 36 38 40 42
Position 20 [°]

stoichiometric Li,MnSiO4 sample. b) Evolution of the MnO secondary phase with

increasing Mn sub-stoichiometry.
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The fact that progressive Mn sub-stoichiometry did not result in the disappearance of
the MnO secondary phase, but rather results in the occurrence of LipSiO3 suggests a
tolerance towards slight non-stoichiometry in the Mn sub lattice.

The large difference in the powder morphology due to the enhanced solution
combustibility suggests changes in the charge/discharge characteristics of the
powders. Figure 5.22 shows the first galvanostatic cyclic of the flame spray pyrolysed
powders and compares them to the sol-gel sample from paper 1.

——LMS sol-gel
——LMS FSP EtOH/H,O
——LMS FSP EtOH/Xylene
——LM0.94S FSP EtOH/Xylene
——LM0.91S FSP EtOH/Xylene

2.54

Voltage [V]

T T T T T LI T T LI LI LI T T LI T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260

Capacity [mAhg™]

Figure 5.22: First galvanostatic cycle of the flame pyrolysed Li,MnSiO, powders
from different solutions. Mn sub-stoichiometry is denoted by the figure behind
the M. A sol-gel sample synthesised according the description in Paper I is
included.

The sample based on the ethanol/water pyrolysis showed a low discharge capacity of
80 mAhg’l, caused by a huge amount of large spherical particles, which do not allow
extensive delithiation. However, substituting water against p-xylene as combustion
aid showed a major impact and resulted in an over 100% increased discharge capaci-
ty. The discrepancy between charge and discharge and the resulting loss was previ-
ously discussed. Interestingly, the charge capacity showed a slight decreasing trend,
reflecting the Mn stoichiometry, while the discharge capacity was not influenced.
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The nanostructure also influenced the rate capability. Samples from the p-xylene aid-
ed pyrolysis reached values corresponding to the exchange of more than 1 Li per for-
mula unit and showed a high initial discharge capacity of over 140 mAhg’1 even at a
moderate current density of 80 mAg']. The initial discharge capacity of a 6 mol %
Mn sub-stoichiometric sample is shown in Figure 5.23. The inset shows 25 cycles at
different current densities. In the cycling plot it has to be considered that the initial
cycles will influence the capacity of the later cycles due to the structural degradation.
Comparing the values to capacities achieved in Paper I clearly illustrates the im-
proved properties with respect to discharge capacity and rate capability.

4.5 200{* B Full symbol = Charge
L 80 mAg Empty symbol = Discharge
@ 150{gm B
4.0 b= OHm g 160 mAg 80 mAg"
1 2100 BeogoéiomAg-‘ I:!!!!
< 3.5 g 50 #44 500 mAg”
Z ] §vvrcvg
0 3.0- 5 10 15 20 25
g - 1— 32 mAg'1 Cycle
QO “~l——10mAg"
> -1
2.09——40 mAg
-1
15— —80mAg

T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Discharge capacity [mAhg'1]

Figure 5.23: First discharge, of a 6 mol % Mn deficient sample from xylene aided
pyrolysis at different rates. The inset shows 25 cycles at higher current densities.

In situ XRD revealed that also the nanostructured LioMnSiOy4 particles made by
flame spray pyrolysis become amorphous upon the first oxidation. Furthermore, it
was shown that the structural degradation is directly linked to the amount of Li
exchanged, hence the amount of Mn oxidised. The degradation was slowed down by
limiting the potential window, but it could not be prevented.
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5.6 LisFeSiO,4 and LizFeo5Mny5Si04 by liquid-feed flame
spray pyrolysis

In the last part of this thesis the gained knowledge gained from Paper IV was used to
synthesise LisFeSiO4 and LisFeg sMng5Si04 by liquid-feed flame spray pyrolysis (LF-
FSP). The solution was based on the previously described 5:1 ethanol/p-xylene ratio
and the same concentration of precursors were dissolved. As Fe precursor ferric ni-
trate was used, and the mixed metal orthosilicate was synthesised using ferric nitrate
and Mn nitrate. Ferric nitrate was chosen because of the oxidation tendency and sol-
ubility limitations of available ferrous precursors. Furthermore, the applied atmos-
phere during annealing was changed to a slow flow of 2% Hs in Ar to hinder Fe re-
duction to the elementary state. FE-SEM analysis revealed differences to the previ-
ously synthesised LisMnSiO4 samples. The LisFeSiO4 sample showed bigger particles
and large dense agglomerates. Since the only altered parameter compared to the syn-
thesis described in Paper IV, was the Fe salt, concentration effects were investigated.
The original concentration of the metal cation was 0.24 molL'l7 disregarding volume
effects of the ethanol/p-xylene mixture. A new synthesis was performed with a dilut-
ed Fe concentration of 0.12 moll,l. The FE-SEM micrograph of the two LipFeSiOy4
samples and the LisFeg;Mng 55104 sample are shown in Figure 5.24.

Comparing the micrographs in a) and b) to the micrographs in c¢) and d), which cor-
respond to the more diluted precursor solution, the desired effect is clearly visible.
The powder from the less concentrated solution resulted in more loosely agglomerated
nanoparticles and despite some spherical bigger particles, no exaggerated particle
growth and aggregation could be observed. The morphology of LisFepsMng 55104 was
also influenced by the Fe precursor, and fewer dense particles were present. The sur-
face area measurements correlate well with the SEM observations. While LisFeSiO4
from a 0.24 molL™" solution offered an external surface area of 37 m’g", the more di-
luted solution resulted in an increased external surface area of 72 mZg'l. The value of
the mixed metal orthosilicate gave an average value in between these two with 57
m2g'1. The refined X-ray diffraction patterns of LisFeSiO4 and LisFepsMng 55104 are
shown in Figure 5.25.
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Figure 5.24: FE-SEM micrographs of a) and b) Li;FeSiO,4 from a 0.24 molL™! Fe
solution, c¢) and d) Li;FeSiOy from a 0.12 molL™" Fe solution, e) and f)
LisFeg.5sMng5Si04 from a 0.24 molL™* Fe/Mn solution.
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Figure 5.25: Full pattern refinements of Li,FeSiO4 and LisFeo5Mn 5SiOy4
including hkl markers and phase fractions.

LioFeSiO4 was fitted to a monoclinic ys polymorph (P2;n). Suggested atomic
positions and lattice parameters of Dahbi et al. T were chosen as initial parameters.
LisFeg 5Mng 55104 on the other hand, could not be described by a single polymorph,
but was shown to exist as a mixture of monoclinic ys and orthorhombic fi. The
lattice parameters, the calculated crystallite sizes and the carbon content, estimated
from TGA data, are summarised in Table 5.5.
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Table 5.5: Unit cell parameters, calculated crystallite size and carbon content of
LisFeSiO4 from 0.24 molL™" and 0.12 molL™* solution, and LisFesMng 5Si0,4 from
a 0.24 molL" solution.

Sample a [A] b [A] c [A] B I Unit cell Crystallite Carbon
volume size from content
[A% 111 [nm] [wt. %]

LFS 0.24  8.21987(37) 5.01401(15) 8.24400(37) 98.9590(21)  335.628(24) 42 12

(P2;n)

LFS 0.12 8.2164(10)  5.01225(39)  8.2424(11)  98.9363(54)  335.326(66) 28.5 10

(P2;m)

LFMS 8.2688(23)  5.00961(39)  8.2689(26)  98.8757(26)  338.43(15) 40 6-7

0.24

(P2n)

LFMS 6.2772(17) 5.374(14)  4.96277(80) - 167.428(68) 34%*

0.24

(Pmn2;)

* Calculated from orthorhombic 011

Calculated unit cell dimensions of both LisFeSiO4 samples are very similar to each
other and in agreement with data from the literature. 150,157 LisFep5Mng 55104 shows
an increased P2;n cell volume. While, the volume of the Pmn2; unit cell is slightly
smaller than for LioMnSiO4 reported in the previous sections. This is caused by dif-
ferences in ionic radius of tetrahedrally coordinated Mn?" and Fe®' , where the former
has an ionic radius of 0.80 A, and the latter 0.77 A. 158 Furthermore, the decreased
precursor concentration led to a reduced calculated crystallite size, which is in
agreement with the SEM observations and BET data. LisFepsMng 55104 shows a dis-
crepancy of the calculated crystallite size between the two polymorphs. The crystal-
lite size calculation could in this case be highly influenced by the overlapping peaks
and strain between both polymorphs.

The morphological differences showed a significant impact on the charge/discharge
behaviour. Figure 5.26 shows the first and second galvanostatic cycle of the 3 sam-
ples.

Structural changes of LisFeSiOy4 are well understood. The structure forms an inversed

217 The low initial charge capacity is due to the partial

B structure upon cycling.
oxidation of Fe during prolonged storage in air. 3 Increased surface area values, by
less densely aggregated and smaller particles resulted in a 60% higher discharge ca-

pacity.
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Figure 5.26: First and second galvanostatic cycles of a) Li;FeSiO4 and b)
LiQFeg‘sMng‘ssiO4

The discharge behaviour of LisFepsMng 55104 is more complicated. The strongly slop-
ing profile and the capacity decay suggest the same structural collapse as known from
LipMnSiO4. Differential capacity plots (Paper V) show 2 broad Mn peaks in cathodic
and anodic direction. The Fe redox peaks are also broad and situated at a lower po-
tential of 2.3 V in cathodic and 2.6 V in anodic direction. This is probably caused by
the changed chemical environment due to the structural collapse, induced by tetra-
hedrally coordinated trivalent Mn. LisFeg5Mng 55104 suffers from severe capacity de-
cay upon cycling, but the retention after prolonged cycling is increased compared to
LisMnSiO4. In addition, differential capacity plots revealed that the redox activity
after prolonged cycling can be attributed solely to Fe. In contrary to LiaMnSiOy, the
structure of LisFepsMng5SiO4 was still partially crystalline after 40 cycles, indicating
a slight stabilisation. In comparison, LisFeSiO4 offered a good cycling performance
and showed more than 90% capacity retention after 300 cycles. Also, the rate perfor-
mance was exceptional with more than 50% capacity retention when the current den-
sity was increase from 8 to 800 mAg’1 at room and elevated temperatures.
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6. Conclusions

In the first part of this project, porous, nanosized and carbon coated LisMnSiO4 was
successfully synthesised by a PVA assisted sol-gel route. The synthesis parameters
were optimised in order to achieve high phase purities and a desired porous
nanostructure. The samples were indexed and refined to the orthorhombic Br phase
(Pmn2;), but samples synthesised with low amounts of corn-starch showed a higher
amount of secondary phases, namely LisSiO3, MnO and MnsSiO4. Next to the main
polymorph, traces of the orthorhombic vy phase were present in samples with low or
no corn-starch addition. The addition of corn-starch as carbon former has been fur-
ther shown to have a huge impact on the particle size and surface area and is be-
lieved to hinder excessive particle growth. Hence it also greatly affected the electro-
chemical performance. The highest reversible capacities achieved with these materials
were in the range of a reversible 1 electron reaction, but high irreversible losses in the
first cycle and general capacity decay, caused by a structural collapse occurred. High
amounts of residual carbon further increased the generally poor rate performance,
which highlight the impact of the low conductivity of LioMnSiOy.

In the second part, cationic substitutions based on the elaborated synthesis method
were investigated. The incorporation of up to 20 mol % Fe was shown. Higher Fe
concentration would require changes in the synthesis method since the acidic behav-
iour of ferric nitrate had a strong influence on the gelation. Fe substituted samples
showed an increased electrochemical performance. Also here, poor rate capability and
high capacity decay was observed. Furthermore, the incorporation of 5 mol % V into
LisMnSiO4 was successfully shown. It was intended to incorporate V either on a Mn
site or on a Si site in the structure. The enhanced electrochemical performance and
the not well understood nature of V substitution were further investigated.

For subsequent in-depth investigations concerning the feasibility of substituting V for
Mn or Si, nominal compositions LisMn;VSiO4 (0 < x < 0.2) and LisMnSi;V«O4 (0
< x £ 0.3) were synthesised. Limited solid solubility of V on the Mn-site was shown
to cause phase separation and V exclusion at V concentrations > 10 mol %. The sub-
stitution onto the Si-site caused increased misfits in the patterns, suggesting disorder.
However, overall the system could still be described by the space group Pmn2;. An
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inhomogeneous distribution of V, which was mainly present in a tetravalent state,
was revealed by STEM EELS. Dependent on the concentration, some lower valence
V at lower concentrations and higher valence V at higher concentrations were detect-
ed. A combination of the findings strongly suggests varying local compositions. XRD
and STEM EELS further revealed the apparent secondary MnO phase to be more
correctly addressed as MniV,O (l-x+y < 1). This phase is believed to be caused
either by a limited solid solubility of the system, or induced by the thermal history of
the sample. Superior electrochemical performance was detected for LisMnSi;«VxOs (0
< x < 0.25) structures. The highest discharge capacity was offered by the nominal
composition LisMnSip75V.2504, which reached 160 mAhg’1 in the initial cycle at 10
mAg'l. This value corresponds roughly to the 1 Li per formula unit reaction. The
value was 40% higher than the reference sample. CV measurements revealed addi-
tional redox activity which could be attributed to the V*' / V*' redox couple. AC im-
pedance spectroscopy showed decreased charge transfer resistance and increased val-
ues for Li diffusion. Unfortunately, no effect on the structural instability upon cycling
was detected, and in situ XRD analysis showed amorphisation of the substituted and
reference samples.

The last part concerned the feasibility of a scalable method capable of synthesising
desired nanostructures. Liquid-feed flame spray pyrolysis was shown as an alternative
method which enables preparation of nanoscaled LioMnSiOy in large quantities. The
heat of combustion of the precursor solution had a major impact on the particle mor-
phology and the resulting electrochemical performance. Furthermore, the likelihood of
LisMnSiOy tolerating slight Mn sub-stoichiometry was shown. The highest capacity
achieved in this study was 190 rnAhg'1 during the first discharge at a current density
of 3.2 mAg’l. At an elevated current density of 80 mAg’1 the first discharge capacity
still exceeded 140 mAhg’l, demonstrating the improved rate performance. Values over
166 mAhg’1 cannot solely be caused by the Mn?"/?
charge capacities suggest activity of the second redox couple (Mn3+"’4+) at low cur-

redox couple. Also, the high

rent densities, but the structural collapse does not allow full relithiation during the
discharge. It was not possible to reach the theoretical capacity even at low current
densities, and it can thus be concluded that the mobilisation of the second Li ion not
only requires the structural instability to be overcome, but also electrolytes with a
larger potential window. All samples in this study showed a prominent irreversible
capacity loss between the first charge and discharge and capacity fade caused by the
structural instability of LisMnSiO4. In situ XRD experiments showed that an irre-
versible loss of crystallinity already occurs during the first charge. It is concluded
that LisMnSiO4 has major shortcomings to be solved before it could potentially be-
come interesting for battery applications, since the ability of delivering two Li per
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formula unit is not possible in the given potential range without the stabilisation of
the structure.

Furthermore, the synthesis method was shown to be applicable also to LioFeSiO4 and
LioFep5Mng55104. Both compounds were successfully synthesised with high phase
purities. The concentration of ferric nitrate showed a major impact on particle
growth, and LisFeSiOs synthesised from a less concentrated solution showed in-
creased surface area and electrochemical properties. LisFeSiO4 was indexed to the
monoclinic yy polymorph and converted to the inverse [y structure upon cycling.
LisFeg5Mng 55104 was present in a mixture of monoclinic ys and orthorhombic P It
reached a discharge capacity of 115 mAhg’1 at a current density of 8 mAg’l7 suggest-
ing that both cations undergo to a large extent the one electron redox reaction. Se-
vere capacity fading upon cycling was observed, similar to the well-known behaviour
of LiyMnSiO4. However, while LisMnSiOy4 loses almost all capacity upon prolonged
cycling, LisFepsMng5Si04 retained 40% of the initial capacity after prolonged cycling.
The solid solution LisFegsMng 55104 was shown to be at least partly crystalline after
prolonged cycling, hence indicating a slightly more stable structure. Differential ca-
pacity plots suggest the redox activity in later cycles to be caused solely by
Fe?' /Fe3+. Mn is believed to either form an electrochemically inactive amorphous
phase or dissolve into the electrolyte. In comparison, LisFeSiO4 was shown to be sta-
ble upon prolonged cycling. In this study, LisFeSiO4 was cycled up to 300 times with
more than 90% capacity retention. Post cycling X-ray diffraction and the evolution of
the differential capacity demonstrate a stable system. At elevated temperatures and a
slow rate, the reversible exchange of up to one Li per Fe was shown.
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7. Outlook

While it was shown in the last part of this work, that nanosizing and carbon coating
can overcome capacity and rate performance issues caused by the poor ionic and elec-
tronic conductivity, the structural instability upon oxidation and the need for higher
potentials limit the performance of LisMnSiO4. To completely exploit the 2 Li per
formula unit and hence the second redox couple Mn*" / Mn“, electrolytes with a sta-
ble potential window of at least 5 V are required. But even if that might be the case
soon, stabilising higher valences of Mn in a tetrahedral environment seems hopeless,
since even 50% cation substitution cannot hinder the severe capacity fade.

V substitution has been shown to have a major influence on the performance, by de-
creasing the charge transfer resistance and increasing the Li ion mobility. Additional-
ly, the results in this study strongly suggest redox activity of V in the orthosilicate
structure. Since the available literature on V substitution is unsatisfactory it would
be highly interesting to see if V incorporation in LisFeSiO4 would show the same pos-
itive effect. Furthermore, the control of p,2 and the thermal history should be im-
proved in order to determine the limitations of V substitution, and give rise to elabo-
rate a phase diagram.

Liquid-feed flame spray pyrolysis has shown capability of producing a nanoscale pre-
cursor, which can be converted into highly active LioMSiO4 compounds. The addition
of carbon former and an annealing step are still required. But, in contrast to top-
down approaches the mixing step is only a homogenisation step, rather than a grind-
ing step in order to reduce the particle size. Hence, a soluble carbon former would
simplify this step. Furthermore, the morphology of LisFeSiO4 has to be improved to
the same level as observed for LisMnSiOy4. The substitution of ferric nitrate by more
combustible Fe containing compounds would be promising. Since the solubility of
most inorganic compounds in organic solutions, like the ethanol p-xylene mixture
used here, is very limited, organometallic Fe compounds like ferrocene, Fe carbox-
ylates or Fe alkoxides should be considered.
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Liquid-feed flame spray pyrolysis of such a highly combustible solution could result in
a morphology, equal to or even improved comparable to the morphology observed for
LisMnSiOy. If combined with a soluble carbon former, the method could give rise to
the production of battery grade LisFeSiO4 in a short amount of time and hence be
promising as cathode material.
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ARTICLE INFO ABSTRACT
Article history: Lithium transition metal orthosilicates of the general formula Li;MSiO4 have gained great interest as potential
Received 20 January 2015 positive electrode material for Li-ion batteries. This study reports the dependence of phase purity and morphology
Received in revised form 20 March 2015 on heat treatment atmosphere and the amount of corn-starch as carbonization agent during a PVA assisted sol-gel
m‘: im;‘;: 2015 synthesis of nano-sized porous Li;MnSiO4/C composites. All samples were indexed to the orthorhombic Pmn2,
polymorph, but samples with carbon contents less than 6% showed traces of the second orthorhombic pelymorph
Keywords: Pmnb. Highest phase purities and a desired porous nano-sized morphology were obtained when heat t
Li-ion battery were carried out in 5% H, and corn-starch amounts were >25 wt.%. Powders with varying carbon amounts were
Sol-gel produced and the electrochemical performance was determined by galvanostatic cycling at different current den-
LiMnSiO4 sities. Samples with a corn-starch amount of 25 wt.% offered the highest initial discharge capacity of 155 mAh g~ at
Carbon coating a current density of 3 mA g~ 1.
Annealing atmosphere © 2015 Elsevier BV. All rights reserved.
1. Introduction 3x 107 S cm™! at 60 °C [6]. This very poor conductivity value, which

Since the discovery of LiFePOy4 as a cathode material for Li-ion
batteries by Padhi et al. in 1997 [1] polyanion based materials gained
great attention as potential Li-ion battery cathodes. Furthermore,
polvanion based materials also reveal materials which in theory allow
Li extraction/insertion beyond one Li jon per formula unit. Orthosilicates
with the general formula Li;MSiO4 (M = Mn, Fe, Co) could in principle
deliver two Li ions per formula unit, giving thearetical capacities up to
333 mAh g, This is assuming that the transition metal possesses two
redox couples within the potential window of a Li-ion battery and that
the structure does not collapse [2,3]. Dominko et al. first reported on
the synthesis of Li;MnSiOy, later called LMS as a promising candidate
for Li-ion cathode materials [4]. LMS can in theory extract/insert beyond
1 Li per formula unit since manganese can undergo reversible redox reac-
tions between +2 and +4. A challenge is the structural instability during
cycling, which might be caused by a Jahn-Teller distortion of the tetrahe-
drally coordinated Ar 3d* ion Mn3* [5]. This might be eliminated by
nano-structuring or implementing stabilizing dopants. However, in
order to apply adequate doping strategies the synthesis of the mother
compound LMS must be optimized with regard to a desired morphology
and a minimum of parasitic secondary phases. Moreover, a general draw-
back of the orthosilicates is the rather low electronic and Li ionic conduc-
tivities. Electronic conductivity values reported in literature are about

* Corresponding author.
E-mail address: fride.vullum-bruer@ntnu.no (F. Vullum-Bruer).

htp://dx.doi.org/10.1016/j.55i.2015.03.029
0167-2738/© 2015 Elsevier BV. All rights reserved.

at room temperature is even about two orders of magnitude lower,
needs to be overcome by applying a conductive coating (e.g. carbon). At
the same time the particle size must be reduced to limit the mean diffu-
sion length for Li ions [6,7].

The synthesis and properties of LMS was recently reported by
different synthesis methods. Values in brackets give the initial
discharge capacity reported and the according reference: A solution
route (210 mAh g~ [8]), the Pechini method (185 mAh g~ [9],
110 mAh g~ [10], 147 mAh g~ [11]), sol-gel (181.6 mAh g~ [12],
~190 mAh g~"[13]), polyol method (132 mAh g~[14]), solid state syn-
thesis (160 mAh g~* [15]) and molten carbonate synthesis (156 mAh g~
1[16]). Reported Pechini sol-gel syntheses are based on acetate precur-
sors which react as buffer in a pH range of 4-5 which is unfavorable for
the hydrolysis of TEOS. Furthermore, they take a long time, up to 8 days
including an aging step and use technical polymers such as poly-N-
vinylamide [9-11]. Also other technical substances such as lactones
and phenolic resins are used as carbon sources [12,13].

Here we report on a simple wet chemical approach, namely an acidic
PVA assisted sol-gel method using metal nitrates and TEOS as silicon pre-
cursor with subsequent carbothermal reduction using simple corn-starch
and an Ar/H, atmosphere as reducing agents. The rather quick synthesis
yields nano-sized LMS particles with high phase purity, aggregated in a
porous manner. Residues of PVA and the introduced corn-starch which
was incorporated in amounts from 0 to 50 wt.%, provide a carbon coating
on the LMS particles (LMS/C composite) and thus enhance the electronic
conductivity. In contrast to many other studies the secondary phases
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were not only indexed but quantified in order to gain information about
the influence of atmosphere and carbonizing agent on the phase purity of
LMS.

2. Experimental
2.1. Material synthesis

The acidic, PVA assisted Li;MnSiO4 sol-gel synthesis described
in this work is based on a Li;FeSiO4 sol-gel process reported by
Zhou et al. [17] with optimized parameters for LMS. 0.03 mole
Mn(NOs3), * 4H,0 (Merck Ensure for analysis, >98%) and 0.06 mol
dried LiNOs (Alfa Aesar, 99%) was dissolved in 25 mL deionized H,0
and the pH was set to ~1.5 by adding HNO3 (Sigma Aldrich >65% pro
Analysi). 0.03 mol tetraethyl orthosilicate (TEOS) (VWR 99%) was dis-
solved in 20 mL EtOH and added to the Li-Mn solution under vigorous
stirring. The pale pink solution was stirred for 20 min at room temper-
ature, before 1.14 g PVA (Sigma Aldrich Mowiol 10-98, M,, = 61,000)
dissolved in 20 mL was added. The pH of the solution was ~2.5. To
ensure complexing of the metal cations, the solution was stirred for 1 h
in a closed beaker at 60 °C, and then evaporated at 60 °C for 6 h until
gelation occurred.

The formed gel was aged for 72 h in a closed Ar filled beaker before it
was dried for 4 h at 130 °C. The dried gel was ground and calcined for 1 h
at 450 °C in air or in 95% Ar 5% H; later called H-Ar-mix-5 to combust
the nitrates and parts of the organic residues. After the calcination
the LMS precursor was mixed with different amounts of corn-starch
(Carl Roth GmbH & Co. KG for laboratory use) (0-50 wt.%) as carbon
source. An EtOH based suspension of the LMS precursor and corn-starch
was intensively mortared till dryness. The final heat treatment for 10 h
at 700 °C was performed in Ar or H-Ar-mix-5. A flow chart summarizing
the synthesis with optimize parameters is shown in Fig. 1.

22. Characterization

Powder X-ray diffraction patterns were recorded on a Bruker D 8 Ad-
vance Da-Vinci with a LynxEye Xe detector working in Bragg-Brentano
(6/28) geometry. Patterns were recorded using CuK,, and MoKy, radia-
tion from 26 = 15-75° and 5-75°, respectively. Lattice parameter calcu-
lations, full pattern refinements and quantifications of secondary phases
of powder X-ray diffraction patterns recorded using MoK, radiation
were done with the software Topas (Bruker AXS Version 4.2). The
peak shape was refined using a Pseudo-Voigt approximation (PV2).
The atomic positions not fixed by the geometry of the space-group
Pmn2, were allowed to converge, starting with the heaviest element.
Refined parameters were used to quantify the phase fraction of powder
diffraction patterns recorded using CuK,, radiation. Here, a fundamental
parameter approach was used to fit the peak shape.

Surface area and porosity data were measured by nitrogen adsorp-
tion on a Micrometrics Tristar 3000. Powders were dried at 250 °C for
12 h in vacuum prior to analysis. A total of 94 points were measured
for the adsorption/desorption isotherms.

The carbon content was determined with an Eltra CS 800 elementary
analyzer. Morphology investigations were carried out by transmission
electron microscopy. TEM analysis was done on a double C; corrected
cold field emission gun JEOL JEM-ARM200F operated at 200 kV, equipped
with a large solid angle Centurio SDD (Silicon Drift Detector). For micros-
copy investigations, the powders were dispersed in isopropanol and
sonicated for 20 min. A small droplet of the powder/alcohol suspension
was placed on an amorphous carbon coated Cu TEM grid.

Assessment of electrochemical properties was done by galvanostatic
charge-discharge measurements between 1.5 and 4.5 V and 1.5 and
4.8 V at 24 °C using a Maccor 4200. CR2016 coin cells were assembled
in a glove box (dry Ar atmosphere) using LMS or LMS/C as cathode,
Li-foil as anode and a Celgard 2400 film as electrode separator. The elec-
trolyte consisted of 1 M LiPFe (Aldrich >99.99%) dissolved in a 3:7

120
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Fig. 1. Summarizing flow chart with optimized parameters for the LMS and LMS/C
synthesis.

volume ratio of ethylene carbonate (Sigma 99%) and diethyl carbonate
(Aldrich >99%). For cathode fabrication, the active material, LMS or
LMS/C respectively was mixed with 10 wt.% conductive carbon (Super
P) and 5 wt.% PVDF (Kynar, reagent grade) as binder. N-methyl-2-
pyrrolidone (NMP) (Sigma Aldrich >99%) was added as solvent and a
slurry was formed by ball milling on a RETSCH mixer mill in a stainless
steel container. The slurry was tape casted on Al foil as current collector
and dried for 12 h at 90 °C in a vacuum oven. Cast thicknesses were
about 15-20 pm. Capacities are reported with respect to the mass of
LMS or the LMS/C composite. The charge rate C was defined as a current
density of 330 mAg~! = 1C.

3. Results and discussion

3.1. Influences of the atmosphere and corn-starch amount on the phase
purity

All obtained dried gels were amorphous but showed minor LiNO3
precipitates in the XRD patterns which are shown in the supporting
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material. The weight loss during calcination in H-Ar-mix-5 and in air
was measured to be approximately 37 wt.%. The phase purity of the
resulting LMS/C showed a strong dependence on the p, during the
heat treatments which is dependent on the gas composition and the
corn-starch content. Best results were achieved when both heat treat-
ments were carried out in H-Ar-mix-5 and initial corn-starch con-
tents were >25 wt.%. LMS adopts LisPOy4 structures and is reported
to exist in two orthorhombic and two monoclinic polymorphs, namely
Pmn2,, Pmnb, P2,/n and Pn [4,18-20]. All samples were indexed to the
orthorhombic Pmn2; polymorph of LMS. Secondary phases present for
LMS and LMS/C with low carbon content were Li;SiO3, Mn,SiO4 and
MnO, LMS/C samples produced with corn-starch amounts of >25 wt.%
showed minor Li,SiOs and MnO impurities. The different heat treat-
ment parameters and corn-starch content of a sample series A-D are
given in Table 1.

Fig. 2a shows the phase composition of the corresponding samples.
It can be seen in the next section that 30 wt.% corn-starch in powder A
yields a similar carbon content in the final powder as 25 wt.% in powder
D. Although the error of these quantifications might be as large as 5%,
clear trends in increased phase purity are observed. Furthermore, quan-
tified data of sample D using MoK, and CuK, radiation is in agreement,
which indicates the accuracy of the values. Calcination in H-Ar-mix-5 is
believed to hinder parasitic Mn oxidation and the formation of multiva-
lent Mn oxides that need to be reduced during the final heat treatment.
XRD patterns of the calcined precursors showed some crystalinity but
were mainly amorphous and are shown in the supporting material.
Fig. 2b shows the phase fraction with regard to the added corn-starch
content from 0 to 50 wt.% for powder samples where both heat treat-
ments were carried out in H-Ar-mix-5. It has to be mentioned that the
shown phase fractions refer to the crystalline part of the samples and
disregard the amorphous carbon content. Samples containing 10 and
20 wt.% corn-starch were not synthesized and the quantification of a
sample containing 5 wt.% corn-starch was disregarded due to an uniden-
tified secondary phase. The phase purity of all samples with added
corn-starch amounts of 25 wt.% and more is higher than 95 wt.%.
The difference in phase fraction of samples with added corn-starch
amount >25 wt.% is well within the error range of Rietveld based
quantifications. In addition, an increase in the amorphous carbon con-
tent caused by addition of more corn-starch in the synthesis will reduce
the signal to noise ratio, thus it cannot be concluded if there is a signif-
icant difference in phase purity for corn-starch amounts of 25 wt.% or
higher. Samples containing less corn starch showed lower phase pu-
rities and the appearance of a second orthorhombic LMS polymorph
(Pmnb). This polymorph shows a 26 diffraction peak at about 30.6°
under CuKa radiation which is often disregarded or confused with a
Mn,SiO,4 secondary phase which shows a peak at 31.2° 26. As a result,
significant amounts of Pmnb phases may be present in samples claimed
to be indexed to Pmn2, [11,13,15]. Powder XRD patterns of samples
calcined and reduced in H-Ar-mix-5 with varying corn-starch con-
tent are given in Fig. 3. The calculated carbon content is based on car-
bon content measurements shown in the following chapter. Part b
shows a full pattern refinement using MoK, radiation, the correspond-
ing lattice parameters for the orthorhombic Pmn2, unit cell were
a=6.3062 A, b=>53844 A and c = 4.9656 A and are in agreement
with data from literature [4]. All further presented results are based on
LMS and LMS/C powders were synthesized with optimized parameters
where both heat treatments were carried out in H-Ar-mix-5.

Table 1
Heat treatment atmospheres and carbon source amount of samples A-D.
Sample Calcination Corn-starch Heat treatment
atmosphere [wt] 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

32. Morphology and carbon content

The PVA assisted sol-gel synthesis with additional gel aging was per-
formed to obtain a strong gel network which does not collapse and yield
porous nano-structured materials with high surface areas. Hydroxyl
groups of the PVA can, in addition to bridging to polymerized silanol
groups of the network, complex the metal cations and thus strengthen
the network. It was shown for Li;FeSiO4, a very similar compound,
that the addition of a complexing/bridging agent (PVA) during a sol
gel method is essential to obtain a nano-porous structure [21]. The
aging for 72 h under Ar atmosphere was performed in order to gain fur-
ther structural strength by syneresis and further bond formation. The
aged gel can withstand the capillary forces during drying and keep a
porous structure [17]. Ar atmosphere was applied to hinder parasitic re-
actions between the expelling liquid and oxygen from the atmosphere.

The initial corn-starch content showed a strong influence on the
resulting morphology of the powder. The residual carbon content of
LMS/C composites with varying amounts of corn-starch (heat treated
in H-Ar-mix-5) was measured with an elementary analyzer. Also
three different LMS/C samples heat treated in Ar were measured. The
results are shown in Fig. 4. An exponential growth fit for the samples
heat treated in H-Ar-mix-5 is added as a guide for the eye.

Fig. 5a shows the surface area divided into micropore area and
external area according to T-plot theory [22,23] for powders with
the corresponding isotherms in the insert. The sum of micropore area
and external area is equal to the BET surface area. In this case, the pre-
sentation of just the BET surface area without further differentiation
would be inconvenient, since micropores are by definition smaller
than 2 nm and thus inaccessible to complexed Li ions [17]. Here the
external area is the surface area that is not attributed to micropores.
By dividing the surface area in micropore area and external area the
accessible surface area can be defined. This gives a more meaningful
presentation of a porous electrode surface area. The powder morphology
for corn-starch contents >25 wt.% consists out of porously agglomerated
particles with a particle size of about 40-50 nm, while powders contain-
ing lower amounts of corn-starch showed a much lower surface area. It is
believed that the carbon layer formed on the particle surface hinders
particle growth to a certain extent. Since 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 area. A
high amount of meso/macro-porosity, which is accessible for complexed
Liions, is present. In addition, the powders show an increasing amount of
micro-porosity with increasing corn-starch amount. This micro-porosity
is believed to be attributed to the porous nature of the amorphous carbon
layer on the particle surface. Fig. 5b shows the pore distribution based on
desorption data according to BJH theory [24], of different corn-starch con-
tents between 2 and 100 nm with a highlighted area between 3 and 6 nm.
This area shows a peak in porosity increasing with increasing corn-starch
amount, thus it can as well be attributed to the carbon layer. TEM analysis
(Fig. 6.) revealed the porous nature of the agglomerated nano-particles.
Furthermore, Fig. 6b and c shows the carbon coated particle surface of a
sample containing 25 and 50 wt.% corn-starch, respectively. The porosity
of this layer is clearly visible in Fig. 6¢ so it is concluded that the increasing
micro-pore area and the abnormal porosity between 3 and 6 nm corre-
sponds to the carbon layer. The electron diffraction pattern of LMS is
shown in Fig. 6d. The main diffraction lines of polycrystalline Pmn2,
LMS are visible. Comparing Fig. 6a and c also reveals the effect of the car-
bon source on the particle size. While crystallites in Fig. 6a, where 25 wt.%
corn-starch was added to the synthesis, show particle sizes from approx-
imately 50 to 100 nm, crystallites of the powder containing 50 wt.% corn-
starch are in the range of 2040 nm, which can be seen in Fig. 6c.

3.3. Electrochemical characterization
To investigate the importance of the carbon content and hence the

electronic conductivity, CR2016 coin cells were fabricated with LMS
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Table 2

Irreversible capacity loss and corrected capacities during the first cycle of samples cycled at C/33 between 1.5 and 45 V.

Sample Charge capacity 1st cycle [mAh g~ (LMS)] Discharge capacity 1st cycle [mAh g~ (LMS)] Irreversible capacity loss [%]
25 wt.% corn-starch 156.7 110.7 294
35 wt.% corn-starch 136.8 107.1 217
45 wt.% corn-starch 1413 1094 226
50 wt.% corn-starch 1485 1093 264

cathodes produced using 0, 5, 15, 25, 35, 45 and 50 wt.% added corn-
starch. Furthermore, the cathode contained 10 wt.% Super P conductive
carbon and 5 wt.% PVDF as binder. The counter electrode was in all cases
Li foil. These coin cells were galvanostatically cycled between 1.5 and
4.5V at charge rates corresponding to C/33 and C/4. Fig. 7 shows the
first two cycles of the corresponding coin cells and the reversible
discharge capacity for 15 cycles where the charge rate was C/33 in the
first five cycles C/4 for the following 5 cycles and C/33 for the last five
cycles.

All samples showed an irreversible capacity loss of 20-30% during
the first cycle. The oxidation of the electrolyte is expected to contribute
to a fraction of this loss, but cannot solely be responsible for the irre-
versible capacity loss. It is therefore likely that the extraction of Li ions
is partly irreversible. Furthermore, Molenda et al. observed structural
changes in the carbon coating by XPS which could also contribute to
the irreversible capacity loss by a loss in electronic conductivity [12].

The need of a conductive coating is clearly seen. LMS cathodes with
no carbon or only 5 wt.% addition of corn-starch showed very low
reversible capacities of about 1.5-2 mAh g~ in the first cycle. 15 wt.%
corn-starch which corresponds to 4 wt.% residual carbon is still not
sufficient to obtain the necessary coating. The peak in performance was
observed with and addition of 25 wt.% corn-starch, where the reversible
discharge capacity in the first cycle was about 100 mAh g™, That corre-
sponds to the reversible extraction/insertion of 0.66 Li ions per formula
unit assuming that the discharge capacity is solely due to Li insertion.
Accordingly, it can be concluded that only the Mn3*+/Mn?* redox couple

o LiMnSiO, ~ Li,SiO, v MnO

100 100

< o
> 51 a) o { o5
E 90 4 o o 4 90
5 85 ] A: 30% starch,calc. in air, reduct. in Ar les
-.3 L B: 25% starch, calc. in air, reduct. in 5% H, z
© 10 C: 25% starch, calc. in 5% H,, reduct. in Ar 10
o ] D: 25% stayoh, cale. in 6% H,, reduct.in 5% H, )
& s5- & 1s
£ v 5
o o

0 T T T Y 0

A B C D
Sample series

Phase fraction [wt. %]

0 5 10 15
Corn-starch added [wt. %]

Fig. 2. a) Phase composition for different heat treatment atmospheres. b) Phase fraction
for different starch contents at optimized synthesis parameters.
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is active in the materials within the voltage range of 1.5-4.5 V. Higher
corn-starch contents result in a slight capacity decrease. This can be
attributed to the fact that less active material per weight of a cathode is
present. Interestingly, the behavior changes at higher charge rate (in
this case C/4), and cathodes containing 35, 45, and 50 wt.% corn-starch
showed an increase in rate capability and thus higher capacities com-
pared to the sample made with 25 wt.% corn-starch. Converting these
values to reversible Li exchange values, the sample containing 25 wt.%
corn-starch showed only a reversible exchange of 0.2 Li per formula
unit, while a sample with 50 wt.% corn-starch showed a reversible
exchange of 0.43 Li per formula unit. This indicates that the electronic
conductivity which is even more important at higher rates is improved
due to the increased residual carbon content. In addition, the decreased
particle size of samples with higher residual carbon content could
enhance the Kinetics of Li-extraction/insertion. Samples containing 45
and 50 wt.% corn-starch show very similar external surface areas and
rate capabilities as shown in Figs. 5a and 7b, respectively. Coin cells

« unidentified phase
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o Mn,Sio,
) xLi,Sio,

50 % starch
| C content 27 wt. %

M A
\T.J\.«\..« WA
45 % starch C content 22 wt. %
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I WA S

A
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Ly "\ |
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\ I \\‘ |
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Fig. 3. a) Powder XRD pattern (CuK,, radiation) of LMS/C synthesized with optimized
parameters and different corn-starch contents. Residual carbon content is given. Asterisk
marks the unidentified secondary phase in the 5% sample. b) Full pattern refinement
(MoK, radiation) of a LMS/C sample.
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4 Heat treated in 95% Ar/5% H,

—— Exponential growth fit
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Fig. 4. Carbon content of LMS/C samples heat treated in H-Ar-mix-5 and in Ar respectively.

with cathodes containing 25 and 50 wt.% corn starch were also cycled up
to 4.8 V. The charge and discharge was done with a charge rate of C/100
to investigate slow rate performance and at a charge rate of C/33 for
100 cycles for long-term performance investigations. Results are shown
in Fig. 8. Here, the top abscissa in Fig. 8a and b shows the specific capacity
per gram LMS (carbon content is subtracted from the mass of the com-
posite to give active material mass) while the bottom abscissa shows
the specific capacity per gram LMS/C composite. The slow cycling at a
charge rate of C/100 resulted in a reversible capacity of 155 mAh g~!
and 140 mAh g~ in the first cycle for cathodes containing 25 wt.% and
50 wt.% corn-starch, respectively. The corresponding irreversible capacity
loss in the first cycle was 40 and 38.5%, indicating that more Li ions were
extracted than inserted. Taking the carbon content of 9 and 27 wt.% into
account and disregarding the minor impurities of both samples gives ini-
tial discharge capacities of 170 mAh g~ and 192 mAh g™, respectively.
The value of the sample containing 25 wt.% corn-starch corresponds
well to the reversible extraction/insertion of one Li per formula and the
50 wt% shows reversible Li exchange of 1.15 Li per formula unit under
the same assumption as mentioned before. Furthermore, the sample con-
taining 25 wt.% corn-starch shows an even more severe capacity fading al-
ready in the second cycle, where the discharge capacity already dropped
by 11% down to 138 mAh g, while the 50 wt.% sample only showed a 4%
capacity drop. This might indicate that the amorphization of LMS shows a
more prominent impact on the Li-extraction/insertion kinetics of larger
particles present in the 25 wt.% corn-starch sample.

The same trend is visible in Fig. 8c. The sample containing 25 wt.%
corn-starch shows more severe capacity fading on the first 20 cycles
compared to the 50 wt.% one. The inset of Fig. 8b shows the coulombic
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© > o
1 L

BJH Desorption dV/diog(D) Pore Volume [crr’g™]
o
™

efficiency which exhibits values between 90 and 100% for both samples
after the first few cycles.

If it is assumed that the majority of the first charge capacity is due to
Li extraction, then the irreversible capacity loss in the first cycle gives a
direct indication of a partly collapsed structure that does not allow full
re-lithiation during the following discharge. This effect is supposed
to be more prominent the more Li is extracted [25]. Table 2 shows
corrected (mass of carbon is subtracted) charge and discharge capaci-
ties and the irreversible capacity loss in percent of cathodes synthesized
using 25-50 wt.% corn-starch. Samples synthesized without or with a
low amount of corn-starch addition are excluded because they showed
very little or no electrochemical activity.

A trend of increasing irreversible capacity loss with increasing first
charge capacity is visible indicating a higher degree of structural collapse
when more Li is extracted. Furthermore, the charge plateau in the second
cycle is in all cases shifted to lower potentials which would also indicate
structural changes [26]. Recently, Devaraj et al. reported about LMS
with a distinct charge and discharge plateau during the first ten cycles,
indicating a preserved structure before degradation occurred [13]. This
behavior was neither observed here, nor in other studies [4-6,8-12,14,
15]. Apart from the first charge, which shows a plateau at about 4.2 V no
distinct charge plateaus were present. This also indicates structural deg-
radation. The irreversible capacity is not solely due to structural col-
lapse. In reality it is most probably a combination of irreversible
electrolyte oxidation and structural degradation which becomes more
prominent the more Li is extracted.

4. Conclusions

The successful preparation of porous nano-sized LMS/C by a PVA
assisted sol-gel method is reported. The addition of corn-starch 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 seems to hinder
particle growth to a certain extent so that the resulting powder offers
a high amount of porosity in the meso-/macro-range and a huge in-
crease in accessible surface area. Also the effect of the atmosphere and
thus p,, was shown to be of major importance for the synthesis of
LMS. Highest phase purities of 95% or higher were achieved when heat
treatments were carried out in 5% H, (H-Ar-mix-5) and starch contents
were >25 wt.%. Samples synthesized under these conditions were
indexed to the orthorhombic space group Pmn2; and showed only
minor traces of secondary phases, namely MnO and Li,SiOs. If the applied
corn-starch amount was 15 wt.% or lower, powders are consisted of a

(o) - =
—a—LMS + 0% starch

—v—LMS +5% starch
/VA% —o—LMS + 15% starch

A
P / —o—LMS +25% starch
5l —o—LMS +30% starch
N —o—LMS +35% starch
j LMS + 40% starch
K —o—LMS + 45% starch

—o— LMS + 50% starch

30 40 50 60 70 80 90 100
Pore Diameter [nm]

Fig. 5. a) BET surface area for powders with varying corn-starch content, including isotherms and micro-pore/external area separation. b) Pore size distribution for powders with varying

corn-starch content.
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Fig. 6. TEM mic of a) the aggl

structure of a sample containing 25 wt% corn-starch, b) the carbon coating ofa sample containing 25 wt.% corn-starch, c) the porosity of the

carbon coating of a sample containing 50 wt.% corn-starch and d) the electron diffraction pattern.

mixture of orthorhombic Pmn2; and orthorhombic Pmnb polymorph of
LMS in addition to an increased amount of secondary phases. The highest
reversible capacity was observed using powder offering 25 wt.% corn-
starch addition during synthesis. Coin-cells using this powder as cathode
offered a discharge capacity of 155 mAh g~ cycled at C/100 and
124 mAh g~ 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. Unfortu-
nately all samples showed relatively low rate capabilities and irreversible

4.0
35 0% starch
= | 5% starch
ga 3.0 —— 15% starch
S —— 25% starch
25 —— 35% starch
—— 45% starch
20 1# oydle —— 50% starch
- 2%yde  \'\l
154 . . . ) .
4 60 80 100 120 140
Capacity [mAh/g]
Fig. 7. Galy ic cycling of LMS cathodes offeris

charge rates.
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capacity fading during cycling, which is believed to be the result of a
partly collapsed (amorphous) structure during cycling [25].
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Lithium transition-metal silicate materials are promising
candidates for next generation Li-ion batteries since they allow Li
extraction/insertion beyond one Li ion per formula unit. They
consist of cheap, non-toxic and abundant elements. Here we focus
on the synthesis and electrochemical performance of Fe and V
substituted Li,MnSiO4. Cations were substituted to overcome poor
stability of the undoped compound and increase conductivity, thus
expected to increase the electrochemical performance. Up to 20
mole % Fe and 5 mole % V were incorporated into orthorhombic
Pmn2, Li;MnSiO4 while keeping a high phase purity and the
desired porous nano-sized structure. For materials with 20 mole %
Fe substitution, the reversible Li intercalation capacity during slow
cycling (C/33) was increased from 0.63 Li per formula unit for the
undoped to 0.81 for the doped sample. A 5 mole % V substitution
increased the reversible Li capacity from 0.65 Li per formula unit
to 0.73.

Introduction

Since Nyten et al. [1] reported Li,FeSiO4 as a new Li-battery cathode material in 2005,
transition metal ortho-silicates came into focus as potential cathode materials for next
generation Li-ion batteries [1, 2, 3]. Transition metal ortho-silicates, where the transition
metal is Fe or Mn are environmentally benign. In theory Li;MnSiO4 allows the reversible
exchange of up to two Li per formula unit, offering a theoretical capacity of 333 mAhg™
[2, 3]. Dominko et al. reported on the synthesis of Li,FeSiO4 (LFS) and Li,MnSiO4
(LMS) and found the major drawback of the transition metal ortho-silicates to be the low
electronic conductivity, which in the case of LMS is about 3 * 10™'* Sem ™" at 60 °C [4,
5]. Furthermore, LMS suffers from severe capacity fading which is believed to be caused
by a Jahn-Teller distortion of the tetrahedrally coordinated [Ar] 3d* jon Mn* during
charging [6]. The Li diffusion coefficient in LMS is also reported to be rather poor,

3.4 * 10 cm®s™ [7]. Means to remedy this would be to reduce the mean diffusion length
for the Li ions by nano-structuring combined with application of a conductive carbon
coating [5, 8]. LMS has recently been synthesized by various wet chemical methods such
as solution routes, sol-gel, Pechini and polyol methods. [7, 8, 9, 10, 11, 12, 13].

Here we try to manipulate the electrochemical performance and the stability of LMS
by doping strategies. We report on an acidic, PVA assisted sol-gel method leading to
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nano-sized LMS particles agglomerated in a porous manner. A carbon coating is applied
by adding corn-starch prior to the final heat treatment. Up to 20 mole % Mn was
substituted by Fe since LFS is reported to facilitate a stable exchange of up to 1 Li ion per
formula unit [1, 5, 14]. Also, the redox couple Fe II/III is located at lower potentials and
thus more easily accessible [5]. Previous research has often focused on the substitution of
Fe by Mn in LFS [15, 16], but here we focus on the Mn-rich side in the LMS-LFS
system.

Another interesting approach is the incorporation of V into lithium transition metal
ortho-silicates. V offers various accessible oxidation states and is thus a promising ion in
electrode materials for Li-ion batteries [17]. Recently, density functional theory
calculations showed V substitution into LFS structurally stable up to 50 mole % [17].
Furthermore, an experimental study has reported a successful incorporation of 10 mole %
V into LFS. The incorporation of V on either Fe or Si sites, with an increase in
electrochemical performance when V is incorporated on a Si site compared to an
undoped LFS sample were shown in the study [18]. A second study reported the
successful incorporation of 5 mole % V into LFS but a decline in electrochemical
properties, as well as phase separation at higher V substitution levels [19]. We
demonstrate increased electrochemical response of LMS by incorporation of 5 mole % V.
To our knowledge V substitution in LMS has never been demonstrated before.

Experimental

Synthesis

The materials synthesis was done according to a PVA assisted sol-gel method. A more
detailed description of the synthesis is published elsewhere [13]. A 25 mL aqueous
solution of 0.06 mole LiNO; (Alfa Aesar, 99%) and 0.03 mole Mn(NOs), -4H,O (Merck
Emsure for analysis, > 98%) was set to pH 1.5 by the addition of HNO; (Sigma-Aldrich,
> 65% pro Analysi), before it was mixed with 0.03 mole tetraethyl orthosilicate (TEOS)
(VWR, 99%) dissolved in 20 mL EtOH (VWR Prolabo, 100%). The solution for Fe or V
substituted samples was prepared in the same manner. In Fe substituted samples the Mn
precursor was substituted in a range of 5-20 mole % by Fe(NO3); -9H,O (Sigma-Aldrich,
> 98%) while keeping the pH constant at 1.5.

5 mole % V was attempted on either Mn or Si site by partly substituting the Mn or Si
precursor with 10 mL of an acidic NH4VOs (Sigma-Aldrich puriss p.a. > 99.5%) solution
keeping the total solution volume and the pH value constant. The solution containing
stoichiometric ratio of cations was then left for gelation at 60 °C for 6 h. The resulting
gels were aged for 72 h before being dried at 120 °C and calcined at 450 °C in 95% Ar
5% H, (Harmix) 5. Fe substituted samples and undoped LMS reference samples were
then mixed with 25 wt. % corn-starch as carbon source and finally heat treated for 10 h at
625 °C in Harmix 5. V substituted samples and LMS reference samples were mixed with
40 wt. % corn-starch as carbon source and heat treated with the same temperature
program. Finished carbon coated samples are denoted as undoped LMS/C and substituted
LMS/C.
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Characterization

Powder X-ray diffraction analysis was performed on a Bruker D 8 Focus and a D 8
Advance Da-Vinci, both equipped with a linear PSD detector working in Bragg—Brentano
(©/20) geometry. Scans were recorded from 2@ = 15-70° with a step size of
0.013° and an integration time of 1.5 s under CuK, radiation. Topas (Bruker AXS
Version 4.2) was used for calculations of lattice parameters, full pattern refinements and
quantification of secondary phases.

Porosity and surface area data were acquired by nitrogen adsorption on a
Micrometrics TriStar 3000 gas adsorption analyzer at a temperature of -195.85 °C (liquid
nitrogen). Samples were degased for 24 h prior to analysis. 54 and 40 points were
measured for the adsorption and desorption isotherms, respectively. T-plot theory based
on BET theory was applied for micropore area and the external surface area
differentiation [20, 21].

Further morphology analysis was carried out by field emission scanning electron
microscopy on a Zeiss Supra 55 VP microscope. The working distance was 10 mm and
the acceleration voltage was set to 10 kV.

Electrodes were fabricated by tape casting of a slurry containing 85 wt. % Fe or V
substituted LMS/C samples or undoped LMS/C reference, 10 wt. % Super P Li and 5 wt.
% PVDF binder. Electrodes were assembled in CR 2016 coin cells using 1 M LiPFg
(Sigma-Aldrich, > 99.99%) dissolved in a 3:7 volume ratio of ethylene carbonate (Sigma-
Aldrich, 99%) and diethyl carbonate (Sigma-Aldrich, >99%) as electrolyte. Li foil as
negative electrode, separated by a Celgard 2400 film. Galvanostatic charge-discharge
measurements were performed at 24 °C in a potential window between 1.5 V and 4.8 V
on a Maccor 4200. The charge rate 1C was defined as a current density of 330 mAg™ for
simplicity.

Results and discussion

Phase analysis

The synthesis parameters of LMS/C were optimized in a previous study [13] and
obtained compounds were indexed to the orthorhombic Pmn2; polymorph of LMS.
Minor traces of secondary phases, namely Li,SiO3; and MnO, were present in all samples.
Fig. 1 a) shows the phase fraction from Rietveld refinements of undoped LMS/C and 5,
10, 15 and 20 mole % Fe substituted LMS/C. Fe was in all cases incorporated into the
structure and the amount of secondary phases decreases with increasing Fe content. The
shown phase fractions refer to the crystalline content and thus disregard the amorphous
carbon coating obtained from the corn-starch added during the synthesis. A previous
study revealed that 25 wt. % corn-starch led to 9 wt. % carbon in the compound [13]. A
full pattern refinement of a sample with 20 wt. % Fe substitution is given in fig 1 b).
HKL reflections of the main phases and secondary phases are included. 20 mole % Fe
substitution was the highest Fe concentration feasible with the synthesis parameters used
in this study. Higher Fe substitution levels caused a too low pH value during the synthesis
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and hindered a proper gelation of the sol. Fig. 1 b) also shows traces of elementary Fe in

the sample.
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Fig. 1: a) Phase fraction for undoped and Fe substituted LMS/C samples. b) Powder XRD
full pattern refinement of Li,Mng sFe2Si04

A further increase in the Fe concentration leads to an increased amount of elementary
Fe in the compounds, since the Boudouard reaction resulting from the added carbon
source and Hj cause a severe reducing atmosphere during heat treatment. For higher Fe
substitution levels the heat treatment atmosphere should be changed to Ar. Unit cell
dimensions of LMS are in agreement with literature [4] and calculated to be @ = 6.306 A,
b=5.384 A and c=4.966 A. Increasing Fe substitution leads to decreasing lattice
constants which can be attributed to the difference in ionic radii of tetrahedrally
coordinated Mn”" and Fe** [22].

Vanadium incorporation was attempted on either the Mn>* or the Si*" site of LMS
using a V>* containing precursor. The addition of 25 or 30 wt. % corn-starch as carbon
source was in both cases insufficient to form a carbon coating. Samples prepared showed
a light grey body colour which is characteristic for samples with a low carbon content,
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compared to black undoped and Fe substituted LMS/C samples. This might be caused by
a consumption of the carbonizing agent during the reduction of V and/or reactions of
ammonia with the carbonizing agent. Samples were finally successfully prepared using
40 wt. % corn-starch. Full pattern refinements of the nominal compositions
Li;Mnyg95V,05S104 and LioMnSig95Vo,0504 are given in Fig. 2 a) and b) respectively. It
should be mentioned that V can exist in multiple oxidation states from +II to +V where
the existence of V>* or V** would cause a deficiency of another cation in the compound
for charge compensation.

a) ) ) Pmn2, = 94.4% | - 8b|se|;v<te:d
LiMnyeeVossSIO, 1,50, = 1.6% Caloulated
! MnO = 4% 1 hkl LMS Pmn2,
" hILi,SiO,
" hki MnO

R,,=7210

Intensity [a.u.]

Position 20 [9]

b) LizMnSio.95V0.0504 Pmn2, = 85% - Observed
. o,/ — Calculated
' Pmnb = 10.1%| Difference

MnO = 4.9% 1 hkl LMS Pmn2,

1 hkl LMS Pmnb
hkl MnO

Intensity [a.u.]

15 20 25 30 35 40 45 50 55 60 65 70
Position 26 []

Fig. 2: Powder XRD full pattern refinements of the nominal compositions a)
Li:Mng .95V .0sS104 and b) Li;MnSig.95V.0s04

In both cases no V rich secondary phases appeared in the diffractograms. In the case
of the intended composition Li;Mng g5V 55104 the amount of MnO secondary phase is
about 2 wt.% higher than in an undoped LMS/C sample. But it cannot be concluded if
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this is a significant difference, since standard deviations of Rietveld phase fractions might
be as large as 5%. In the diffractogram of the nominal composition Li;MnSig95V.0504
the amount of MnO is similar to Li;Mng95V,05Si04 while no Li rich secondary phase is
detectable. Furthermore, about 10 wt. % of the orthorhombic Pmnb polymorph of LMS is
present. The incorporation of 5 mole % V showed only a minor influence on the unit cell
dimensions. However, the sample with the nominal composition Li;MnSig95V(0s04 has a
slight increase in the ¢ lattice parameter from 4.967 to 4.973 A. Rietveld refinements of
numerous undoped LMS/C samples revealed that this increase is caused by the
coexistence of LMS in Pmn2; and Pmnb space groups. Li et al. proposed a ¢ parameter of
4.988 A for LMS in Pmn2, [9]. However, the sample analyzed by Li et al. contained
significant amounts of orthorhombic Pmnb in a Pmn2; matrix [9].

According to the Ellingham diagram of the V-O system the severe reducing
atmosphere during heat treatment suggests that V" is reduced to V** [23]. The larger
ionic radius of V** [22] would also cause V to occupy Mn sites rather than Si sites in
LMS. The charge compensation could then be fulfilled by Mn deficiency according to the
following defect equation:

[VIiun = 2[Vaclyn [1]
Here, [V] is the concentration of vanadium, and /Vac] is the vacancy concentration.

V incorporation could also be compensated by Li deficiency and since Li is a very
light element small changes in the Li content of LMS are not detectable by XRD. Finally,
it needs to be mentioned that a definite answer to which site V occupies in LMS and in
which oxidation state it occurs could not be determined. The V-O phase diagram is rather
complex and shows a lot of different compounds with V in multivalent oxidation states
between IIl and V [24].

The proposed defect equation is based on the XRD powder analysis, the increase in
MnO secondary phase and abstinence of other secondary phases, and the severe reducing
conditions during heat treatment.

Morphology

All powders consisted of porously agglomerated particles in the range 50-100 nm, and
from SEM and nitrogen adsorption it is visible that all powders offer high accessible
surface areas that can be penetrated by a liquid electrolyte.

In order to overcome the poor ionic conductivity of LMS, nano-sized particles with a
high surface area accessible to the electrolyte are required. Fig. 3 shows the surface area
of the different samples, a) for the Fe substitution series and b) for the V substitution. The
surface area plots are divided into external area and micropore area, the latter being
defined as porosity smaller than 2 nm and thus not accessible to solvated Li ions in the
electrolyte [25]. The sum of external area and micropore area equals the BET surface
area measured by nitrogen adsorption. In Fig. 3 b) LixMngos5V005S5104 is denoted as
L(Mn95V5)S and LizMnSi0_95V0_0504 as LM(SI95V5)
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Fig. 3: BET surface area including micropore/external area separation: a) Fe substitution
series b) V substitution

A previous study revealed that the microporosity can be attributed to the nature of the
amorphous carbon coating [13]. Any amount of Fe substitution reduces the external
surface area from approximately 25 m°g™" to 20 m?g™! while in the case of V substitution
no difference was observed. External areas of the undoped and substituted samples were
about 30 m”g”. It needs to be mentioned that the corn-starch addition hinders particle
growth and aggregation during heat treatment to a certain extent [13], hence undoped and
substituted LMS/C samples shown in Fig. 3 b) offers an increased external surface area
compared to those in Fig. 3 a). The increase in micropore area is caused by a higher
carbon content due to the fact that 40 wt. % corn-starch was added with V substitution
instead of 25 wt. with Fe substitution. SEM micrographs of a 10 mole % Fe substituted
sample are given in Fig. 4.
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200 nm

Fig. 4: SEM micrographs of a 10 mole % Fe substituted LMS/C sample: a) 20 k
magnification b) 74 k magnification

Galvanostatic cycling

In order to investigate the effect of cation substitution in LMS/C, CR-2016 coin cells
were fabricated with substituted LMS/C positive electrodes and the corresponding
undoped LMS/C samples. Fig. 5 shows the galvanostatic cycling curves for Fe
substituted samples. The first cycle of 10, 15 and 20 mole % Fe substituted samples
against the undoped LMS/C at a current density of 10 mAg™ (C/33) is given in Fig. 5 a).
Fig. 5 b) shows the charge and discharge capacity of Fe substituted LMS/C samples for
12 cycles where the charge rate was C/33 in the initial three cycles, before it was
increased to C/10 and then to C/4 for the three cycles at each charge rate and finally
decreased again to C/33 for the last three cycles.
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Fig. 5: Galvanostatic cycling of Fe substituted LMS/C (25 wt. % corn-starch as carbon
source): a) First cycle of 10, 15 and 20 mole % Fe substituted LMS/C and an undoped
LMS/C reference at C/33. b) Charge and discharge capacities of 10, 15 and 20 mole % Fe
substituted LMS/C for 12 cycles at different charge rates

A clear increase in the first discharge capacity with increasing Fe content is visible in
Fig. 5 a). The discharge capacity is increased from 95 mAhg™ for undoped LMS/C to 122
mAhg for the 20 mole % Fe substituted sample. Neglecting the carbon content (9 wt. %)
these values correspond to approximately 0.63 and 0.81 Li per formula unit, respectively.
This improvement could be attributed to a combination of improved structural stability
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and higher Li diffusion and/or electronic conductivity. In addition, the irreversible
capacity loss during the first cycle is reduced from 40 to 33%, which indicates that Fe
substitution affects structural stability. Previously, an increase in rate capability with
increasing carbon content in the samples have been demonstrated [13], hence poor rate
capability shown in Fig. 5 b) is likely caused by low electronic conductivity of the
samples. Despite this, an increase in performance even at higher rates is observed for
higher Fe substitution levels, possibly due to improved Li diffusion rates, higher
electronic conductivity, the at lower voltages situated Fe II/IIl redox couple or any
combination of these factors. Overall capacity decay within the 12 cycles is still visible
so the structural instability of LMS during cycling is still dominant even at 20 mole % Fe
substitution.

Samples with 5 mole % V substitution were cycled in the same manner and results are
illustrated in Fig 6. Fig. 6 a) shows the first cycle of both V substituted samples and an
undoped LMS/C reference, also containing 40 wt. % corn-starch as carbon source to keep
the approximate carbon content constant.

45 e,

421 — Li,MnSiO,

::z: TTTT LizMn0.95V0.058i04
% 3,31 o LiMnSig65V4,660,
g 3,0 Charge rate: (C/33) 10 mA/g
g 2,74 “«ﬂ,\‘

2,4
2,14
1,8 st R
17 cycle
115 T T T T FI T T T
0 20 40 60 80 100 120 140 160 180

Capacity [mAh/g]

42
Downloaded on 2015-05-05 to IP 129.241.83.233 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

138



ECS Transactions, 64 (22) 33-45 (2015)

180
l b) 4 LiMnSiO,
o 1601 l v LiMng o Vo sSiO,
o . .
< 1404 ¥ ° leMnS|o.95V0.0504
E Close symbol: Charge capacity
: 1204 Open symbol: Discharge capacity
% 100 1 z i §
g 2
)
8 ca |% k&
Q i .
% 60 & 2w +
S 0l cro |2 % %
s & &
S *| crm3

123456789101I11I2
Cycle number

Fig. 6: Galvanostatic cycling of V substituted LMS/C (40 wt. % corn-starch as carbon
source): a) First cycle of nominal compositions LiMngosVisSi04/C and
Li;MnSig.95V0.0s04/C and an undoped LMS/C reference at C/33. b) Charge and discharge
capacities for 12 cycles at different charge rates

Both V substituted samples behaved similarly, which suggests that V in both cases
was incorporated on the same crystallographic site and exists in the same oxidation state.
The first discharge capacity was in both cases, with values of 99 and 100 mAhg™, about
10% higher compared to the undoped sample with a discharge capacity of 88 mAhg™.
This corresponds to an increase of the reversible Li exchange from 0.65 to 0.73 Li per
formula unit. Furthermore, V substituted samples actually offered a lower charge
capacity in the first cycle compared to the undoped material, and thus a reduction in the
irreversible capacity loss of about 10%. The deintercalation potential is shifted to slightly
lower potentials against Li/Li" and the intercalation potential is increased in potential
against Li/Li". This is most probably caused by vacant sites in the structure which could
influence the Li ion mobility. Whether or not V undergoes redox reactions in the
structure and hence is electrochemically active cannot yet be concluded. Fig. 6 b) reveals
that this increase in electrochemical performance is observed also at higher charge rates.
V substituted samples showed discharge capacities of 45-50 mAhg ™' at C/4 while
undoped LMS/C only showed about 35 mAhg ™', but the initial capacity could not be
retained within 12 cycles.

Conclusions

Nano-sized LMS/C was successfully doped with up to 20 mole % Fe. Fe substituted
LMS/C shows increased electrochemical performance. The reversible intercalation of Li
in the first cycle was increased from about 0.63 Li per formula unit for an undoped
LMS/C sample to 0.81 Li per formula unit for a 20 mole % Fe substituted sample during
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cycling at 10 mAg™. Still, Fe substituted samples showed a poor rate capability and high
capacity decay. Higher substitution levels are probably needed to overcome this
behaviour. We also demonstrated the incorporation of 5 mole % V into LMS. It was
intended to incorporate V either on a Mn site or on a Si site in LMS. Powder XRD data
and the fact that the heat treatment is carried out under severe reducing conditions would
indicate that V is present in the oxidation state III and would hence prefer a Mn site. V
substitution enhanced the electrochemical performance and increased the reversible
intercalation of Li from 0.65 to 0.73 Li per formula unit at 10 mAg". Values of the
intercalation and deintercalation potentials were also shifted, but it cannot be concluded if
this is caused by the incorporation of vacant sites in the lattice or by redox activity of V.
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Abstract

Vanadium substitution is an interesting approach to manipulate the properties of the
poor electronic and ionic conducting lithium transition metal orthosilicates. Especial-
ly, if incorporated on the Si-site it could alter the highly insulating character of the
Si0y4 framework. This study addresses the feasibility and limitations of V substitution
in LipMnSiO4. Nominal compositions of LisMni«VSiOs (0 < x < 0.2) and LisMnSi;.
xVxO4 (0 < x < 0.3) were synthesised by a sol-gel method, and the structural evolu-
tion was analysed by X-ray diffraction and transmission electron microscopy (TEM)
coupled with electron energy loss spectroscopy (EELS). While the solid solubility of
V on tetrahedral Mn-sites was shown to be limited, substantial amounts of V entered
the structure when intended to substitute Si. Elemental mapping by TEM showed
that V was highly inhomogeneously distributed and high energy resolution EELS
demonstrated that the majority of V was present in a tetravalent state. The nominal
compositions LiaMnSi;xVxO4 (0 < x < 0.3) showed superior electrochemical perfor-
mance, with reduced charge transfer resistance and an increased Li-ion diffusion coef-
ficient. Furthermore, cyclic voltammetry revealed increased redox activity which can
be attributed to V within the concentration series. The best performance was
achieved with 25 mol % V substitution. V substitution beyond 25 mol % caused dete-
rioration of the properties.
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Introduction

Environmentally benign lithium transition metal orthosilicates of the general formula
LipMSiO4 (M = Mn, Fe) have gained interest since Nytén et al. reported LisFeSiOy
as cathode material for Li-ion batteries. ' These polyanion compounds consist of
abundant elements and allow in theory the reversible exchange of 2 Li ions per for-
mula unit. > * Li;MnSiOy is an interesting candidate, since Mn can exist in different
oxidation states (II, III, IV) within the potential window of a commercial Li-ion bat-
tery, thus gives rise to a high theoretical capacity of 333 mAhg’1 for the exchange of
2 Li per formula unit. 5 LisMnSiOy4 adopts B and y LisPOy4 structures where all cati-
ons are tetrahedrally coordinated. So far two orthorhombic (Pmn2;, Pmnb) and two
monoclinic (P2;n, Pn) polymorphs are known. Most syntheses include an annealing
step at elevated temperatures between 600 and 800 °C and result in orthorhombic
Pmn2; or a mixture of Pmn2; and Pmnb. **° A major drawback of LisMnSiOy is the
structural instability upon cycling which is believed to be caused by cooperative
Jahn-Teller distortions during oxidation, causing a change in the Mn coordination,
and the amorphisation of the structure. 10.11 Furthermore, the rather insulating char-
acter and the low ionic conductivity of LisMnSiO4 need to be addressed. Dominko et
al. reported a low electronic conductivity of 310" Sem™ at 60 °C. ? The reported Li

m’s" "% The reported val-

ion diffusion coefficient ranges between 10" and 107" ¢
ues are some orders of magnitude lower than diffusion coefficients reported for
LisFeSiO4 and LiFePOy. W DET calculations by Kuganathan et al. further revealed
a high activation energy barrier for Li ion migration of 0.95 eV in orthorhombic
Pmn2; LisMnSiOy. * Means of remedying the conductivity issues have so far been to
coat LisMnSiO4 with a thin layer of conductive carbon. The aim of this coating is to
enhance the electronic conductivity while keeping the particle size in the nanoregime

. . o .. 2,9,16,17
in order to minimise the mean diffusion length of Li ions. =™

In addition, doping
strategies on either the Mn-site or the Si-site are an interesting approach to manipu-
late the conductivity issues. It was pointed out that doping of trivalent Al on the Si-
site is energetically favourable and would lead to charge compensation by interstitial
Li ions. > Another approach is to synthesise lithium transition metal orthosilicates of
the general formula LioMn (FeSiOy4, with the aim to keep a high theoretical capacity
by exploiting the 2 redox couples of Mn combined with the stability of LisFeSiOy. 1
A LioFeSiO4 and LipMnSiOy crystallise both in  and y LizPOy structures 4 and since
Mn and Fe are direct neighbours in the periodic table, similarities can be expected.
Another interesting candidate for partial substitution of the transition metal or sili-
con in LisMSiO4 compounds is vanadium. V is known as cathode material in the form
of V505, 2T and according to resent DFT calculations up to 50 mol % V substitu-
tion on the Fe-site of LisFeSiOy4 is supposed to be stable and give rise to three addi-
tional redox couples. * Calculations by Liivat and Thomas suggest the possibility of
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a partial substitution of Si04" units by VO43', charge compensated by Li vacancies.
2 They also found the tetrahedral structure to stabilise VO~ Up to date, experi-
mental studies of V doping in LisMSiO4 compounds show inconsistencies and are not
very thorough. A study by Yang et al. shows phase separation into V and Fe con-
taining spinel phases at higher doping levels of V in LisFeSiOy4, and a general decay
of the electrochemical properties. 30 Zhang et al. substituted up to 7 mol % V on the
Fe-site of LisFeSiO4 and found a strong increase of electrochemical properties for 5
mol % V substitution. * At the same time their XRD data shows that almost all ma-
jor LigFeSiOy4 diffraction peaks diminish at increased V concentrations. The evolution
of a spinel phase, with the main peak at about 35 ° 20 is ignored, and refinements
based on the quality of their diffraction data are questionable. Hao et al. reported an
increase in electrochemical performance when 10 mol % V are substituted on the Si-
site of LisFeSiO4, while substitution on the Fe site causes deterioration of the electro-
chemical properties. " This group also ignores the appearance of spinel peaks when
part of the Fe is replaced by V. Both groups further confirmed trivalent V in their
samples, when substitution was attempted on Fe-sites, by X-ray photoelectron spec-
troscopy (XPS). However, the measured signal could also be attributed to trivalent V
from the ignored V containing spinel phases, since XPS does not allow for high spa-
tial resolution. To the authors’ knowledge there are so far no computational studies
concerning V substitution in LisMnSiO4. A broader doping study including up to 10
mol % V on either the Mn or the Si-site of LioMnSiO4 by Deng et al. demonstrated
an increased discharge capacity for 5 mol % V on both sites, but deterioration for 10
mol % V. ** We also previously reported improved electrochemical properties by the
incorporation of 5 mol % V into the Mn or Si-site of LisMnSiOy. ' Another recent
study by Hwang et al. reports up to 10 mol % V*" substitution in LisMnSiOy4, and
claims no redox contribution of V, but a positive effect on the Li diffusion coefficient.
1 Here, we report a more systematic study of the feasibility and limits of V substitu-
tion in LipMnSiO4. Samples with the nominal compositions LisMni«V,SiOs (0 < x <
0.2) and LipMn;.ySi;-«V<O4 (0 < x < 0.3) were prepared and characterised, with focus
on the phase evolution as a function of V concentration. A combination of scanning
TEM (STEM) and high energy resolution EELS was performed to determine the oxi-
dation states and to map the distribution of V with high spatial resolution. Finally,
the electrochemical properties as a function of the V content were examined.
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Experimental

Sample preparation

The LisMnSiOy reference sample was synthesised by an acidic PVA assisted sol-gel
method using metal nitrates and TEOS as precursors. 0.03 mol Mn(NOs)s * 4H20O
(Merck Ensure for analysis, > 98%) was dissolved in 25 mL deionised H>O and 0.06
mol dried LiNO3 (Alfa Aesar, 99 %) was added to the solution. The pH of the solu-
tion was set to 71.5 by adding HNOj (Sigma Aldrich > 65 % pro Analysi) in order to
stabilise Mn”" and control the gelation properties. A second solution consisting of
0.03 mol tetraethyl orthosilicate (TEOS) (VWR 99 %) and 20 mL EtOH was added
drop wise to the metal cation solution under vigorous stirring. After 20 min 1.14 g
PVA (Sigma Aldrich Mowiol 10-98, Mw =61,000) dissolved in 20 mL H»O was added
and the sol was left for gelation at 70 °C under slow stirring. The resulting gel was
aged for 72 h at room temperature prior to drying at 120 °C in air and calcination at
450 °C for 1 h in flowing 5 % Hs 95 % Ar atmosphere. After calcination the precursor
was wet mortared with 25 wt. % corn-starch as carbon source and EtOH as disper-
sant. The compound was finally heat treated for 10 h at 650 °C in flowing 5 % Hs 95
% Ar atmosphere to obtain the main phase and carbon coat the material in a single
step. Further process details are published elsewhere. % Nominal compositions of
LisMni4VSiOs (0 < x < 0.2) and LisMnSi;VyOy4 (0 < x < 0.3) were synthesised in
the same manner, where either the Mn or Si precursor was partially substituted by
equivalent molar concentration of V. The V precursor NH4VO; (Sigma-Aldrich puriss
p.a. > 99.5%) was dissolved under addition of 1.5 times the molar equivalent of oxal-
ic acid (Sigma Aldrich puriss. p.a., anhydrous, > 99.0 %) in 15 mL deionised H5O.
The solution was left to react for 1 h before it was mixed with a 15 mL H20 solution
containing LiNO3 and Mn(NO3)s * 4H20. TEOS and PVA solutions were added in
the same manner as for the reference sample, and the sol was left to gel as described
above. Gel ageing, drying, calcination and reduction parameters were the same as for
the reference.

Characterisation

Structural analysis was performed by powder X-ray diffraction using a Bruker D 8
Advance Da-Vinci working in Bragg—Brentano (©/20) geometry. Powder XRD pat-
terns were recorded from 20 = 15-75° under CuK, radiation, with a step-size of
0.013 ° and an integration time of 0.75 s, using a variable slit setup. The structure of
LipMnSiOs was fitted to the space group Pmn2; using Topas (Bruker AXS Version
4.2). The starting model was proposed by Li et al. * The nominal compositions
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LisMnSi;«V<O4 (0 < x < 0.3) were fitted to this model, disregarding the substituted V
in the model. Surface area and porosity data were acquired, by nitrogen adsorption
according to BET, T-plot and BJH theory, on a Micrometrics Tristar 3000. The
powder was vacuum dried for 24 h at 250 °C prior to analysis. Further morphological
and structural analysis was carried out by (scanning) transmission electron microsco-
py ((S)TEM). The powder samples were dispersed in ethanol, and a droplet was
transferred to a holey carbon coated Cu TEM grid. Prior to TEM characterisations,
the samples were gently plasma cleaned 2-10 s inside a shielding port by a Fischione
plasma cleaner to remove possible contaminations. TEM was performed with a dou-
ble Cs corrected, coldFEG JEOL ARM200CF, operated at 200 kV and equipped with
a Gatan Quantum ER for electron energy loss spectroscopy (EELS) and a large solid
angle (98 srad) Centurio detector for X-ray energy dispersive spectroscopy (EDS).
Spectroscopy (both EDS and EELS) was performed with a 27 mrad convergence
semi-angle and a 384 pA probe current. Sub-pixel scanning was always applied to
have an effective exposure time of less than 200 ps in every location of the map to
avoid possible beam damage. Elemental mapping by EELS was performed with an
energy dispersion of 1 eV /channel and a collection semi-angle of 66 mrad. High ener-
gy resolution EELS was performed with an energy dispersion of 0.1 eV /channel, a
collection semi-angle of 33 mrad, and an energy resolution of 0.6 eV. Dual EELS (two
EEL spectra were acquired in every pixel of the maps) was used for the fine structure
analysis of the V and Mn L, 3 EEL white lines. The low loss spectrum, including the
zero loss peak, was used to calibrate the energy scale and to allow for the low loss
plasmon signal to be convolved with the core loss Mn and V Ls 3 peaks to account for
multiple scattering. The EELS maps were in general processed with a model based
approach 35 using the open source software HyperSpy. % Two Hartree-Slater edges
were used to model the Ly and Lj ionisation edges for both V and Mn. 37

Electrochemical characterisation

For electrochemical characterisations cathodes were produced by tape casting an N-
Methyl-2-pyrrolidone (NMP Sigma Aldrich > 99 %) based slurry on Al foil as current
collector. The slurry contained 85 wt. % active material, 10 wt. % conductive carbon
(Super P Li, Timcal) and 5 wt. % Polyvinylidene fluoride (PVDF) (Kynar, reagent
grade) as binder. Cast thicknesses were 15-20 um and the solid load was about 2 mg
cm™. CR2016 coin cells were assembled in a glove box (dry Ar atmosphere) using a
16 mm circular cathode, a Celgard 2400 separator and a circular Li metal disc as an-
ode. The electrolyte consisted of 1 M LiPFg dissolved in a 1:1 volume ratio of Eth-
ylene carbonate / Diethyl carbonate solution (Aldrich Battery grade). Furthermore,
three electrode set-ups were assembled using ECC-Ref 3 electrode test cells from EL-
cell. For the three electrode set-up Li was used as counter and reference electrode.
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The separator was a 1.55 mm thick glass fibre disc. To protect the cathode from the
sharp fibers a Celgard separator was placed between the cathode and the glass fibre.
Galvanostatic cycling was performed on a LANHE CT 2001A in the potential win-
dow of 1.5 — 4.7 vs. Li/ Li'" at room temperature. Specific capacities are reported with
respect to the mass of the corresponding carbon coated composites. To have a more
comparable charge rate, only the one electron reaction of Mn?' / Mn®" was taken into
account, and for mathematical simplicity the charge rate was defined as a current
density of 160 mAg’1 = 1C. Cyclic voltammograms (CV) and AC impedance spec-
troscopy data were measured on a Princeton Applied Research Parstat 4000 potenti-
ostat at room temperature. CV sweep rate was 0.1 mVs'in a potential window of 1.5
~ 4.7 vs. Li/Li". Tmpedance data were collected at open circuit potential (OCP). The
amplitude of the alternating current (AC) signal was set to 10 mV in an AC frequen-
cy range of 10 KHz to 10 mHz. Furthermore, in situ XRD experiments to examine
the structural changes upon cycling were conducted during the first two galvanostatic
cycles of LisMnSiO4 and LisMnSig75V.2504. Pouch cells were assembled using the
same electrodes, separator and electrolyte as previously described. Cycling was per-
formed on a Princeton Applied Research Parstat 4000 at C/16 in a potential window
of 1.5 — 4.7 vs. Li/Li". The XRD patterns were recorded continuously on a Bruker D
8 Advance Da-Vinci with a LynxEye Xe detector working in Bragg-Brentano (©/
20) geometry using Mo K, radiation in transmission mode. The additional layers of
Al, PE, PP and Li that the beam had to penetrate in transition mode, limited the
observable 20 region without interference from the cell components. Scans were rec-
orded from 11.7 to 15.8 ° 20 (step-size of 0.015 °, integration time 3 s).

Results and discussion

Phase evolution and powder morphology dependency on the V concentration

The applied V precursor initially contains pentavalent V. Oxalic acid was added to
ensure an acidic media in order to supress the formation of V polyions and the oxida-
tion of divalent Mn. The reducing character of oxalic acid further caused a partial
reduction of V to a tetravalent oxyion, visible through a colour change from yellow to
a deep bluish green solution. Upon gelation under atmospheric conditions V is reoxi-
dised, visible by another colour change back to yellow. All dried gels were mainly
amorphous. However, some gels showed minor LiNO3 precipitations. Figure 1 shows
XRD patterns of the thermal history of the carbon coated LioMnSiO4 sample, which
was used as reference. During calcination the crystallisation of LiaSiOs and spinel
phases occurs. After the calcined sample is mixed with corn-starch as carbon former
and heat treated at 650 °C, mainly LisMnSiOy4 in the space-group Pmn2; is present.

150



Additionally, minor traces of MnO and Li2SiO3 were detected. The appearance of
minor secondary phases is often reported for LisMnSiOy. % It is most probably due to
an uncompleted phase formation, which can be explained by sluggish kinetics in this

complicated quaternary oxide.
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Figure 1: Powder XRD patterns of the Li.MnSiO,4 reference sample after gel
drying, after calcination, and after final heat treatment and C coating. Phases

are denoted and Li-MnSiO, Pmn2; bragg reflections are included.

The powder XRD patterns of the nominal compositions LisMn;VSiO4 (0 < x < 0.2),
magnified areas 26 to 30.5 and 54 to 65 ° 20 and the crystal structure including the
010, 011 and 002 lattice planes are given in Figure 2. The V concentration was pro-
gressively increased in 5 mol % steps until 20 mol %. A clear increasing trend in sec-
ondary phases is visible. Next to the previously mentioned Li2SiOz and MnO, an in-
creasing amount of a V rich spinel phase was detected, indicating the limited solubili-
ty of V on the Mn-site of LisMnSiO4. The magnified areas 26 to 30.5 and 54 to 65 °
20 show an increase in the intensity of the spinel and Li2SiO3 peaks, while the 200
diffraction line of Li;MnSiOy, although steady in position, is strongly decreasing in
intensity and at the same time broadening. Reduced intensities were also detected for
the 010, 011 and 002 reflections at 16.4, 24.4 and 36.2 ° 20, respectively. Both the
010 and 011 lattice planes offer a high electron density mainly due to Mn, which is
the heaviest atom of the structure and hence exhibits the highest electron density.
The same is valid for the 200 plane, but for clarity of the figure, the illustration of
the 200 plane was ignored. The observations of decreasing peak intensities from
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Bragg scattering by planes with a high electron density governed by Mn, while the
amount of a V and Mn containing spinel phase is increasing, leads to the conclusion
that the V solid solubility on the Mn-site is very limited. Elevated concentrations of
V, which is octahedrally coordinated and trivalent in the spinel phase, % do not pop-
ulate the tetrahedral Mn-sites but rather cause phase separation. In fact, the appar-
ent decrease of the 002 intensity at higher V concentrations, suggests a highly defec-
tive LioMniSiO4 structure. Similar observations were made by Yang et al. for V
substitution on the Fe-site of LisFeSiOy. * As previously mentioned, other authors
ignored the presence of spinel diffraction lines in their diffractograms when they
claimed V substitution on the transition metal-site of both LisFeSiO4 and LisMnSiO,.
143132 The increased amount of Li»SiOg is correspondingly inevitable, since the transi-
tion metal concentration necessary to form the main phase is decreased.
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Figure 2: a) Powder XRD patterns of the nominal compositions Li>Mn;.,VySiO4
(0 £ x £0.2) including denotation of secondary phases and Li,MnSiO4 Pmn2,
bragg reflections. b) Magnification of the corresponding powder XRD patterns in
the range of 16-30.5 and 54-65 20 with a clear increase in a V and Mn
containing spinel phase and Li»SiO3. ¢) Lattice planes of the LixMnSiO4 Pmn2,
structure corresponding to the peaks that show a reduced intensity with
increasing V concentration.
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Contrary to the observations made for LisMnj«VSiOy4, the nominal compositions
LisMnSi1xVO4 (0 < x < 0.3) show no evidence of V rich spinel phases. The patterns
were fitted to a LisMnSiO4 model. The nanocrystalline character in combination with
a substantial amount of carbon cause broad peaks and a low signal to noise ratio,
which make a reasonable fit challenging. The incorporation of V into the elaborated
model, in order to find the site occupancy, did not deliver meaningful insights and
hence is omitted. Figure 3 shows the corresponding fitted powder XRD patterns and
a magnified region from 16 to 23.4 ° 20. The intensities of the diffraction lines corre-
sponding to a cubic, rock-salt structured MnO related phase are increasing, and the
peak shapes are broadening at higher V concentrations. Further observations were
irregular changes in peak intensities and substantial increased intensities of the
Pmn2; 110 and 101 diffraction lines. Moreover, the position of the former changed
within the concentration series. If it is assumed that V occupies Si-sites, Bragg scat-
tering from Si-rich planes should increase in intensity, since V has a higher scattering
power than Si due to the higher atomic number. Significant changes in the 710 and
101 diffraction lines which correspond mainly to Li, hence indicate increasing disorder
in the crystal structure, as well as local deviations and distortion of the unit cell
which could lead to a lowered symmetry. The increased intensity of the two diffrac-
tion lines could indicate a partial Li-V or Li-Mn site reversal with increasing V con-
centration. Cation site-reversal is observed in LisFeSiO4. The material undergoes a
transition to an inversed i structure, which is similar to the structure of LisMnSiOy,
but Fe occupies half the Li-sites. The reversal causes increased intensities of the 110
and 101 diffraction lines. ** Pmn2; lattice parameters, the calculated crystallite size,
and the carbon content from TGA analysis are given in Table 1. The lattice parame-
ters of the concentration series show a minor inconsistent trend to an increased cell
volume. This observation was unexpected, since even pentavalent V has a bigger ion-
ic radius than Si, and should influence the lattice parameters more pronounced if V
solely occupies one crystallographic site. Crystallite sizes were calculated to range
between 36-56 nm from the full width at half maximum of the 011 peak. The calcula-
tions accounted for peak shape broadening due to strain. The calculated crystallite
sizes are comparable. One exception is the 15% sample, which shows the biggest crys-
tallites with 56 nm. The carbon contents are comparable The same was valid for the
nominal compositions LipMniV,SiO4 (0 < x < 0.2) where the estimated carbon con-
tents from TGA data also ranged between 4 and 5 wt. %.
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Table 1: Lattice constants and XRD crystallite sizes of the nominal compositions
LizMnSil_XVx04 (0 <x< 0.3).

x in A[A] B[A] C[A] Cell vol- Crystallite Carbon
LisMnSi;. ume [A®]  size [nm)] content
xVx04 [Wt. %]
0 6.30499(85)  5.38475(78)  4.96513(66)  168.570(40) 41.1 6
0.05 6.3041(12)  5.38533(91) 4.06266(88)  168.481(52) 37.9 5
0.1 6.30603(95)  5.38441(82)  4.06386(73)  168.568(44) 38.5 5
0.15 6.3038(12)  5.3850(11)  4.9640(11)  168.538(61) 55.8 4
0.2 6.3043(14)  5.3844(14)  4.9622(13)  168.442(73) 425 4
0.25 6.30072(96)  5.38682(84)  4.06421(75)  168.730(45) 36.2 5
0.3 6.3004(12)  5.3889(10)  4.96461(93)  168.801(55) 36.6 5
E
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Figure 3: a) Fitted powder XRD patterns of the nominal compositions
Li>MnSi;xVxOy4 (0 < x £ 0.3) including Li,MnSiO4 Pmn2;, Li;SiO3 and MnO
Bragg reflections. b) Highlighted area from 21 to 23.4 ° 20 including the 110 101
Pmn2; hkl positions and a vertical line as a guide for the eye.

Since the XRD patterns of the nominal compositions LisMnSijxVxOs4 (0 <x <0.3)
suggest incorporation of V into the structure, further physio-chemical characterisa-
tion was focused on these samples. To gain a deeper understanding of how V is in-
corporated into the structure STEM EELS spectral maps of the nominal composi-
tions LiaMnSiOy4, LisMnSip9V104 and LiaMnSip75V0.2504 were acquired. The set-up
described in the experimental section was carefully chosen to hinder beam damage
during acquisition, since V is prone to reduction if exposed to the high energy elec-
1041 Phe elemental distribution of Li, Mn, Si and O
was homogenous in all cases, and except for the carbon coating no amorphous areas
were detected. Figures 4 a) and b) show high angle annular dark field (HAADF)
STEM images of agglomerates with the nominal compositions LisMnSipgV(104 and
LisMnSig 75V.2504, respectively. Red dotted lines indicate the areas where EELS
maps were acquired. The corresponding V maps, made from the V Lo3 peaks, are

tron beam for prolonged times.

shown in ¢) and d).
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2)) Li,MnSi, 4V, 10, Li,MnSig 75V 2504

EELS V Map

Figure 4: HAADF STEM micrographs of the nominal compositions a)
LizMnSi0.9V0.104 and b) LigMnSi0.75V0.2504. The regions for EELS spectrum
imaging are highlighted. V maps of ¢) Li;MnSip.9V(.104 and d) Li>MnSig 75V .2504.

The results indicate that V is incorporated into the structure, but in both cases the
distribution of V in the samples is highly inhomogeneous, where distinct areas show
much higher V concentrations. These V inhomogeneities will have a major influence
on the local compositions of the materials and probably cause numerous defects like
stacking faults and local breaches of symmetry, which could explain the increase in
misfit of the XRD pattern with increasing V concentration. In fact, if strain effects
were disregarded during crystallite size calculations, the calculated values of V substi-
tuted samples ranged from 27 to 25 nm. The primary oxidation state of V was in
both samples the same, but the 10 mol % and the 25 mol % samples showed some
differences with respect to the second oxidation state that was observed. Figures 5 a)
and b) show the V Lg3 edges from the 10 mol % and the 25 mol % samples with cor-
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responding Mn Ls 3 edges from the same pixels in the spectrum images as the main V
signal. The most representative V spectrum, i.e. the most commonly observed oxida-
tion state in the acquired spectrum images, is shown as a solid black line. The sec-
ond, but less common V oxidation state, present in each of the samples, is shown by
dashed blue lines.
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Figure 5: Most representative V L, 3 (solid black line)and the corresponding Mn
L, 3 peaks acquired from the same pixel of the spectrum images of the nominal
compositions a) Li;MnSiy9V.104 and b) LisMnSig.75V.2504. The minor V Ly 3
peaks(dashed blue line) are recorded from different pixels.

158



Careful analysis of the energy loss at the peak onset, the shape of the fine structure,
and comparison to data from other well established microscopy research groups 4243
strongly suggest the majority of V to be present in a tetravalent state. In fact, Liivat
and Thomas suggested the tetrahedral structure offering a stabilising effect on VO.©
units. 2 Differences were detected in the second, but less common V oxidation states
that were seen in each of the samples. In the case of LisMnSip9V 104 the minority
oxidation state was characterized by a Lo3 peak that was shifted towards a lower
energy loss, and the difference in onset was ~0.8 eV. In LisMnSip75V(.2504 the oppo-
site trend was observed. A second oxidation state characterised by a L3 peak that
was shifted about 1.2 eV in onset towards higher energy, was present. These chemical

2 and can be attributed to small

shifts correlate excellently with reported values,
amounts of trivalent V present in LisMnSip9Vp104 and pentavalent V in
LisMnSig 75V.2504. The fine structure of Mn in close neighbourhood to the measured
V signal, can be clearly attributed to divalent Mn. 2 However, also minor fractions of
trivalent Mn were detected in all the samples. Tetravalent V would not require any
charge compensation if located on vacant Si-sites. However, the inhomogeneous dis-
tribution and the changes in the XRD patterns indicate considerable disorder. The V
signals corresponding to a different valence require charge compensation. A lower
valence could be compensated by partly oxidation of Mn to a trivalent state. Penta-
valent V on the other hand would require the formation of vacancies in the Li or Mn
sub-lattice. We recently reported the possibility of LiaMnSiO4 being stable in a slight-
ly Mn deficient state. “ Furthermore, EDS mapping of Mn and O rich particles,
which can be attributed to the MnO related phase, also showed considerable amounts
of V. This suggests that the secondary phase detected by XRD should be more cor-
rectly addressed as rock-salt structured Mn;VyO (1-x+y < 1). MnO phases are well
known to exist as cation sub-stoichiometric oxides, and could very possibly accom-
modate limited V amounts. If the increase in the secondary phase is due to a ther-
modynamic limit of V substitution or the thermal and atmospheric history of the
samples cannot be concluded. The highly reducing atmosphere during heat treatment
could cause partial reduction of the initially pentavalent V to a trivalent state, and
our findings suggest only limited solubility for the trivalent ion. A non-stoichiometric
situation may occur if parts of the reduced V cannot be incorporated into the struc-
ture. This resulting non-stoichiometry would then cause segregation of the excess Mn
and Li. Combining the findings of a non-homogeneous V distribution as well as minor
amounts of V in a different valence state leads to the conclusion of varying local
compositions which could explain the fact that it was not possible to elaborate a
meaningful Rietveld model with increasing V concentration. It could also explain why
no substantial increase in cell volume was detected. The X-ray diffractograms give
most probably a highly strained average of locally very different compositions, which
can still fairly well be described by the Pmn2; space group. The inhomogeneous char-
acter, the different oxidation states of V, and the increasing amount of the Mn;. VO
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(I-x+y < 1) will cause significant amounts of point defects and defects of a higher
order in the structure. Hence it might alter the electronic structure of the material
and possibly also affect the Li diffusion.

TEM bright field micrographs of the mnominal compositions LisMnSiO4 and
LisMnSig 75V.2504, and vertically aligned electron diffraction patterns of the samples
are shown in Figure 6. Electron diffraction patterns were taken from large agglomer-
ates (regions 1.5 pm in diameter containing several hundred single crystals) to visual-
ise an average which allows for comparison. The powders consist of loosely agglomer-
ated nanoparticles with an overall similar morphology. Primary particles range in
both cases from 25 to 40 nm validating the crystallite sizes calculated from XRD da-
ta. The particles are surrounded by a thin layer of amorphous carbon, which was in-
tended in order to increase the electronic conductivity of the materials. The electron
diffraction pattern of the reference and the 25 mol % V sample are comparable and
no extra diffraction rings could be detected. They hence strengthen the assumption of
a system that can be overall still described by the orthorhombic Pmn2; structure.
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Li,MnSiO, Li,MnSig 75V 550,

Figure 6: TEM bright field micrographs of the nominal compositions a)
LioMnSiO4 and b) Li>MnSig.75V.2504. ¢) show a vertically aligned electron
diffraction pattern taken from bigger agglomerates of Li,MnSiO,4 and
Li;MnSig.75Vo.2504.
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The surface area was measured according to T-plot theory which allows to divide the
data into micropore area (pores < 2nm) and external surface area. Furthermore, the
pore-size distribution was calculated from the BJH desorption data of the LisMnj.
xVxSiOy4 concentration series. The results are summarised in Figure 7.
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Figure 7: a) BET surface area divided into micropore area and external surface
area of the Li;Mn; «+V,SiO4 samples. b) Pore-size distribution of the Li,Mnj.
«VxSi0,4 samples.

The external surface area shows an increase up to 20% V substitution, for higher sub-
stitution levels it decreases again to the value of the reference sample. The micropore
area shows an opposing trend so that the overall surface area of the samples stays
similar with values around 50 ng'l. The inaccuracy of the method has a proportional
trend with the surface area values, and TEM suggested rather comparable morpholo-
gies. The pore size distribution data shows slight changes towards a smaller mean
pore diameter. The morphology of V substituted samples appears to be rather similar
and hence cannot be used to explain any major differences in the electrochemical
properties.
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Electrochemical analysis

The performance of LisMni«VSiO4 (0 < x < 0.15) and LisMnSi;VyO4 (0 < x < 0.3)
were assessed by galvanostatic cycling. Analysis of the nominal composition
LiasMng gV(.25104 was omitted since phase separation was already predominant. The
first charge and discharge curves of the samples are shown in Figure 8 a) and b).
While ¢) shows the rate performance of LisMnSig75V0.2504. All experiments were car-
ried out at room temperature.

Substitution of V on the Mn-site did not show significant changes in the
charge/discharge behaviour. The charge capacity was in all cases about 160 mAhg_l7
and the corresponding discharge showed capacities ranging between 100 and 110
mAhg’l. This corresponds to an irreversible loss of about 35%. Interestingly, the ca-
pacity is not decreasing with increasing phase separation. This could be caused by
the highly defective structure showing higher Li diffusion. Also, it is not excluded
that small amounts of V could be offering additional redox activity in the structure.
However, V substitution on the Si-site showed a major impact on the electrochemical
response of the system. The first charge and discharge capacity increased within the
concentration series and peaked at 25 mol % V. Only the 15 mol % sample was an
exception and showed a slightly decreased capacity compared to the 10 mol % sam-
ple. XRD data suggested the crystallite size of this sample to be significantly larger,
which could have a negative influence on the charge discharge characteristics of this
sample. The charge capacity of the 25 mol % sample was 25% higher, and the dis-
charge capacity about 60% higher compared to the values of the reference sample.
The irreversible capacity loss hence is decreased to a value of 20%. However, the
sloping discharge profile suggests the known structural collapse of LioxMnSiOy4 to oc-
cur also in V substituted samples. The lowered irreversible loss could be caused by
larger VO4 units keeping the structure more open and hence allow more relithiation.
30 mol % V substitution caused the discharge capacity to decrease again to about 115
mAhg’l. It should be kept in mind that the amount of the dense rock-salt structured
Mni.«V,O phase is increasing within the series, and will at some point influence the
amount of electrochemically active material available. An interesting feature of the
discharge curve of the V substituted samples is the less pronounced kink occurring at
about 2.5 V.
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Figure 8 c) shows the rate capability of LisMnSip75Vo2504 at 1C, 2C and 5C. The
sample delivers a comparable capacity at 1C as the reference sample at C16. The rate
performance of LipMnSiOy is rather poor, as previously reported. % To understand
the structural changes upon charging, in situ XRD patterns were recorded of
LisMnSiO4 and LisMnSig75Vo2504 upon galvanostatic cycling. In situ cycling was
carried out in pouch cells consisting of polyethylene coated aluminium. The observed
capacities in this set-up were slightly lower than the capacities measured in CR 2016
coin cells. The difference is most probably due to an inhomogeneous pressure distri-
bution and contacting in the in house made pouch cells. The limited interference free
20 region allowed the observation of the Pmn2; 111/200 and 210/020 double peaks.
To keep an adequate time resolution, the scan time was limited to about 22 min per
scan, while the cells were cycled at a slow rate of C/16. To increase the readability,
the results are presented as level plots in Figures 9 a) and b).
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Figure 9: In situ XRD upon the first two galvanostatic cycles at C/16 for a)
LigMnSi04 and b) Lile‘lSig.75V0.2504.
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The in situ analysis revealed that the peak intensity of both the reference sample and
the 25 mol % V substituted sample is decreasing upon the first oxidation. In both
cases the diffraction lines corresponding to the Pmn2; structure diminish into the
background noise at capacities close to the value of the one electron reaction. Accord-
ing to crystal field theory, trivalent Mn is highly destabilised in a tetrahedral field.
Distortions or changes in coordination would stabilise the Mn centre but could lead
to a loss of long range order. The amorphisation was shown to be irreversible since
none of the corresponding peaks reappears upon reduction or the subsequent cycle. In
both cases some other peaks appear and disappear. The limited measurement window
did not allow indexing of these diffraction lines. Furthermore, it cannot be concluded
that these peaks appear on the cathode side since the scan was performed in transi-
tion mode. The multiple layers that had to be penetrated also limit the resolution of
the in situ measurement. To confirm that the observed disappearance of the two
double peaks is representative, the cells were disassembled and Cu K, XRD scans
were recorded of the cathodes. In both cases only very minor peaks corresponding to
the Pmn2; structure could still be detected in a highly amorphous matrix, confirming
the nearly complete loss of long-range order after the initial charge. This confirms
that V does not contribute to any stabilisation of the structure upon cycling. To ad-
dress the question if V shows electrochemical activity in LioMnSi;VyOy, or if the
increased activity is caused by increased conductivity of the materials, cyclic volt-
ammograms were recorded. Figure 10 shows the voltammograms of the first and sec-
ond cycle of LisMnSi«VxOy4 (0 < x < 0.3). Further shown are galvanostatic long-term
cycling data of LioaMnSiO4 and LisMnSig75Vo.2504 and differential capacity plots of
various cycles.
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The onset of oxidation and the centre of the anodic peak are shifted to slightly lower
potentials with increasing V concentration. Furthermore, the anodic peak area is in-
creasing in the concentration series and peaking at 25 mol % V substitution. The sig-
nal for 30 mol % V substitution is reduced again, and the data is in agreement with
the galvanostatic load curves. No additional signal can be detected on first oxidation.
In the cathodic direction, two broad peaks are observed where the first minor peak is
located at about 3.8 V and the second major peak at about 2.7 V. The splitting into
two extremely broad peaks can be directly linked to the structural degradation, since
the redox potential of a given cation is dependent on its chemical environment. In
this case the first minor peak is believed to correspond to Mn still in its initial coor-
dination, while the second major peak at lower potential displays Mn in an altered
environment and possibly in a different coordination. For V substituted samples both
peaks are shifted to slightly higher potentials, which could be caused by a decreased
overpotential. Interestingly, an additional peak appears at potentials close to the cut
off potential. Upon the second anodic polarisation, the reference sample shows two
broad anodic peaks, one obvious and the other one barely visible. The same peaks are
observable for the V substituted samples, with the same increasing behaviour as de-
scribed for the first cycle. In addition, also a new anodic peak, of increasing intensity
within the concentration series, at about 2.7 V is observed. The subsequent cathodic
polarisation reassembles the first cycle qualitatively, where V substituted samples
show an increased response, and the additional peak at relatively low potentials.
Liivat and Thomas calculated the redox potential of VU s, Li/Li" to be 2.1V
in a hypothetical LiyFeVOy structure. ? This value would fit to the observed addi-
tional anodic peak at 2.7 V and the cathode peak below 2 V, but cannot explain why
no additional anodic peak was observed upon the first oxidation. The long-term cy-
cling of the reference and the 25 mol % V substituted sample showed a strong decay
in discharge capacity upon cycling for both samples, while the coulombic efficiency
reaches values between 95 and 100% after the first few cycles. After 20 cycles the
reference sample and the 25 mol % V substituted sample showed capacity retentions
of 50% and 46%, respectively. During later cycles the sloping profile is less pro-
nounced, but still present. The experiment was terminated after 100 cycles. The re-
maining discharge capacity was 12 and 25 mAhg’1 for the reference and the 25 mol %
V substituted samples, respectively. Differential capacity profiles of selected cycles for

nd

both samples were derived. The first plot shows the 2 cycle. It qualitatively reas-
sembles the CV curves. Also here, the additional anodic and cathodic peaks of the V
substituted sample, located at about 2.7 V and close to cut-off, respectively, are visi-
ble. But it is obvious that in both cases all peaks are decreasing upon cycling, and
almost all visible Mn redox activity disappears after prolonged cycling. In order to
understand how V substitution influences the charge transfer resistance and the Li
diffusion of LisMnSiOy, the materials were further analysed by AC impedance spec-

troscopy. The Nyquist representation with the suggested equivalent circuit model in
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the inset is given in Figure 10 a). Figure 10 b) shows the dependence of Zp. on w2
in the range were Zge and Zp, are parallel. The AC impedance spectra consisted in
all cases of a depressed semi-circle in the high frequency region followed by a line pro-
file. The data can be described by a modified Randles circuit. The first resistor, Re,
accounts for the electrolyte resistance. The next components in parallel are a resistor,
accounting for the charge transfer resistance R, and a constant phase element
(CPE), related to the double layer capacitance Qq.. The CPE in parallel to the resis-
tor (Cole element) was chosen to describe the depressed profile of the semi-circle,
which is caused by an inhomogeneous current density distribution due to the porous
structure. The low frequency part of the impedance spectra was fitted by an open
circuit terminus Generalised Finite Warburg element W,
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Figure 11: AC impedance data of LixMnSi;.xVy0,4 (0 < x < 0.3). a) Nyquist
representation including the fitted line and the equivalent circuit.

b) Zge vs. w2,

The values of Re, Rer and Li diffusion coefficient (D) are given in Table 2. The dif-
fusion coefficient was calculated according to a Warburg model with a linear over-

voltage-current relationship 45,46 using the following equation: 47,48

R*T*?
T 24 PO

(1)

Where R and T are the universal gas constant and the absolute temperature, respec-
tively, A is the surface area of the electrode n the number of electrons in the electro-
chemical reaction (1 for Li), F is the Faraday constant, and Cp; is the Li ion concen-
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tration in the material. Cy; can described as the quotient of density and molar mass,
multiplied by a factor 2 to account for 2 Li per formula unit. In this case it was as-
sumed that the substituted materials are identical with the desired nominal composi-
tions. The lattice parameters given in Table 1 were applied to calculate the crystal
density of each sample. The parameter o is the slope of Zge vs. o? in the range
where Zp. and Zy, have similar slopes.

Table 2: Electrolyte and charge transfer resistance and calculated Li diffusion

coefficients.

x in Li;MnSi;,V,0s 'R, [Ohm] 'Re; [Ohm)] *Dy; [em®s™]
0 6.312 (1.11%) 84.31 (3.42%) 9.7E-16

0.05 8.08 (0.76%) 86.43 (0.89%) 8.1E-15

0.1 8.86 (0.85%) 95.41 (1.31%) 3.6E-15

0.15 7.61 (1.20%) 31.88 (1.36%) 1.6E-14

0.2 9.51 (0.82%) 49.29 (1.16%) 3.1E-15

0.25 6.78 (0.84%) 24.76 (1.78%) 3.0E-15

0.3 7.71 (1.12%) 43.49 (1.18%) 5.2E-15

! Uncertainty given in brackets. 2 Assumptions are described in the main text.

Table 2 shows that V substitution influences the charge transfer resistance and the Li
diffusion coefficient. The results are in agreement with the galvanostatic cycling ex-
periments and CV measurements. A decreased charge transfer resistance is observa-
ble for V substitution levels > 15 mol %. The lowered charge transfer is probably
caused by VOy4 units interrupting the strongly insulating SiO4 framework. The STEM
EELS analysis revealed the strongly inhomogeneous distribution of V, which most
probably makes every sample unique and hence could explain inconsistences in the
Rt values. Discussed strain, stacking faults and defects in the structure seem to also
positively influence the diffusion coefficient for Li ions, which for all V substituted
samples is increased by one order of magnitude and is in the range of E-15 cm’s™.
The exact values have to be taken with caution due to the assumptions made. But
the reported range seems reasonable, and galvanostatic cycling at elevated rates also
strongly suggests increased Li diffusion for V substituted samples.
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Conclusions

In-depth investigations concerning the feasibility of substituting V for Mn or Si in
LisMnSiO4 were performed. A sol-gel method was employed and samples with the
nominal compositions LisMn;VSiO4 (0 < x < 0.2) and LisMnSi; V04 (0 < x <0.3)
were synthesised. The LisMnSiOy reference was indexed and fitted to a pn Pmn2;
model. V substitution on the Mn-site was shown to cause phase separation and V
exclusion at V concentrations > 10 mol %. An increasing amount of a V containing
spinel phase and Li2SiO3 was detected. The substitution onto the Si-site caused in-
creased misfits in the patterns suggesting disorder. But, overall the system could still
be identified by the space group Pmn2;. STEM EELS revealed inhomogeneous distri-
butions of V, which was mainly present in a tetravalent state. Dependent on the con-
centration, some lower valence V at lower concentrations and higher valence V at
higher concentrations were detected. These findings suggest varying local composi-
tions. Furthermore, XRD and STEM EELS revealed a secondary MnO phase to be
more correctly addressed as Mni«VyO (1-x+y < 1). This phase is believed to be
caused either by a limited solid solubility of the system, or induced by the thermal
history of the sample. The LisMnSi;«ViO4 (0 < x < 0.3) structures were shown to
offer superior electrochemical properties compared to the reference and to the
LisMni4V,SiOs (0 < x < 0.2) samples. The discharge capacity was highest for the
nominal composition LisMnSig 75V (2504, which reached 160 mAhg’1 in the initial cy-
cle. This value corresponds roughly to the 1 Li per formula unit reaction and was
40% higher than the reference sample. Additional redox activity which could be at-
tributed to the V*" / Vo' redox couple was revealed by CV measurements. EIS spectra
showed decreased charge transfer resistance and increased values for Li diffusion. Un-
fortunately, no effect on the structural instability upon cycling was detected and in
situ XRD analysis showed amorphisation for both the substituted and the reference
sample.
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Abstract

A novel liquid-feed flame spray pyrolysis synthesis with reducing post heat treatment
yielding highly phase pure nanosized and carbon coated LisMnSiOy4 is reported. In
contrast to most LisMnSiOy synthesis routes reported, aerosol combustion methods
are excellently scalable and not as time consuming as most wet chemical syntheses.
Flame spray pyrolysis was performed using solutions with varying ratios of H»O,
EtOH and p-Xylene. The importance of solution combustibility to form loosely ag-
glomerated nanoparticles is highlighted. Particles from the p-Xylene aided flame
spray pyrolysis showed a mean particle size of 20 nm and Pmn2; structure after an-
nealing and carbon coating. The electrochemical performance as cathode material was
assessed by galvanostatic cycling and in situ XRD in half cells. The highest discharge
capacity observed was 190 mAhg’1 at room temperature and a rate of C/50.
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Introduction

At present, rechargeable Li-ion batteries outperform all other battery concepts with
respect to volumetric and gravimetric energy density. Nonetheless extensive research
is on-going to optimise the cells. Especially the positive electrode materials show a
great mismatch in specific capacity compared to graphite which is used as negative
electrode in commercially available Li-ion batteries L Moreover, the most common
cathode material in Li-ion batteries, LiCoQOs, accounts for about 50% of the materials
cost of the battery 2, Lately, polyanion materials like phosphates and silicates based
on the abundant elements Fe and Mn as redox active ions gained attention and rep-
resent with LipMnSiO4 (LMS) a material which in theory can deliver 2 Li ions per
formula unit and thus in theory offer capacities exceeding 300 rnAhg_1 36 In fact,
according to a recent study by Andre et al. from the BMW group, LMS would theo-
retically meet the required energy density and capacity values for the next generation
Li-ion battery cathodes in all-electric vehicles " Dominko et al. first reported LMS as
potential cathode for Li-ion batteries in 2006 and indexed it to the tetrahedral struc-
tures with the orthorhombic space-group Pmn2; 58 Afterwards another orthorhombic
and two monoclinic polymorphs, namely Pmnb, P2/n and Pn, all adopting LizPO4
structures were reported 91 Just like the Fe analogue, LisFeSiO4, LMS is a poor
electronic and ionic conductor and thus requires nanoscale particles and a conductive
coating to overcome these shortcomings 512,13 However, it is believed that changes in
the Mn coordination during oxidation cause amorphisation of the structure which
leads to irreversible capacity fading " '". Ab initio calculations by Saracibar et al.
predict that Ni substitution could be beneficial to stabilise the crystal structure upon
delithiation (oxidation) Y The vast majority of reported syntheses of LMS are wet
chemical methods. Solvothermal syntheses deliver the highest reported capacities of

%721 Other authors report success by sol-gel

22

over 200 mAh g’l in the first discharge
related methods, polyol methods or molten carbonate syntheses %, However, these
wet-chemical routes can be very time consuming. Sol-gel syntheses with a process
time of up to 8 days are reported 22 Another major drawback of wet chemical syn-
theses is the limited scalability. If a new cathode material shall ever be commercial-
ised, scalability and time efficiency are very important factors. Flame assisted aerosol
processes like flame hydrolysis and flame spray pyrolysis combine scalability and time
efficiency while allowing good control of particle sizes in the nanoregime. Nanosized
fumed silica, titania and carbon blacks are in fact commercially produced in large
quantities by aerosol flame processes T Here we report production of LMS by an
alternative novel synthesis route, namely liquid-feed flame spray pyrolysis later called
FSP, combined with a reducing heat treatment and carbon coating as an excellent
scalable and time efficient route to obtain nanosized LMS. We especially highlight
the importance of solution combustibility towards the morphology and thus the elec-
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trochemical performance of the final product. In addition, influences on XRD phase
purity dependent on Mn stoichiometry are discussed and the structural degradation
is investigated by in situ XRD during galvanostatic cycling.

Experimental

Sample preparation

Two different kinds of precursor solutions for FSP were investigated. The first ap-
proach was a solution based on a water to ethanol ratio of 1:5 by volume. 0.06 mole
dried LiNO3 (Alfa Aesar, 99%) and 0.03 mole Mn(NOs3)s + 4HoO (Merck Ensure for
analysis, >98%) were dissolved in 20 mL deionised H2O and added to a solution of
0.03 mole tetraethyl orthosilicate (TEOS) (VWR 99%) in 80 mL EtOH under vigor-
ous stirring. In the second approach the solution was based on a p-xylene to ethanol
ratio of 1:5 by volume. The same Li, Mn and Si precursors were dissolved in 100 mL
EtOH at 50 °C under vigorous stirring and prior to pyrolysis 25 mL p-Xylene was
added as fuel enhancer. Following this route, also samples with 6 and 9 mole % Mn
sub-stoichiometry were produced. FSP was performed on a NPS10, Tethis S.p.A. The
solutions were sprayed into a CHs/Os (flow rate: 1.5/3 L/min) flame at a constant
liquid and dispersion gas (O2) flow rate of 5 mL/min. The pressure drop (dispersion
gas at the nozzle tip) was set to ~2.0 bar and the powders were collected on a glass
microfiber filter (Whatman GF6). After FSP the as-pyrolysed precursors were mixed
with 25 wt. % corn-starch (Carl Roth GmbH & Co. KG for laboratory use) and wet
ball milled for 10 h using YSZ grinding balls (@ 5 mm) and EtOH as a dispersant in
a 125 mL polyethylene bottle. As a final step the precursor mixtures were heat treat-
ed in a reducing atmosphere (5% H» in Ar: flow rate 25 L/h) at three different tem-
peratures, 550, 600 and 650 °C and different dwell times. The heating and cooling
rate was in all cases 200 °C h™'. The final heat treatment parameters were 650 °C for
10 h in all cases. For clarity reasons a sample index comprising the differences of the
synthesised samples is given in Table 1.

Table 1: Sample index of the 4 different samples synthesised in this study.

Sample index Nominal composition Flame pyrolysis solution

LMS @ EtOH LisMnSiOy 80 mL EtOH 20 mL HyO

LMS @ Xylene LisMnSiOy 100 mL EtOH 25 mL p-Xylene
LMO0.94S @ Xylene LisMnyg 94SiO4 100 mL EtOH 25 mL p-Xylene
LMO0.91S @ Xylene LisMnyg 15104 100 mL EtOH 25 mL p-Xylene
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For cathode preparation a slurry containing 75 wt. % active material, 15 wt. % con-
ductive carbon (Super P Timcal) and 10 wt. % Polyvinylidene fluoride (PVDF)
(Kynar, reagent grade) as binder dispersed in N-Methyl-2-pyrrolidone (NMP) (Sigma
Aldrich > 99 %) was prepared and tape casted on Al foil as current collector and
dried for 12 h at 90 °C in a vacuum oven. The solid load was about 1 mg cm™.

Characterisation

Phase formation and structural analysis of the samples was performed by X-ray pow-
der diffraction. XRD patterns were recorded on a Bruker D 8 Advance Da-Vinci,
equipped with a linear PSD detector working in Bragg—Brentano (0/20) geometry.
All powder patterns were recorded using Cu K, radiation (1.54060 A). Patterns for
phase formation analysis were recorded from 15 to 75° 20 with a step-size of 0.013 °
and an integration time of 0.75 s. For structural analysis, patterns were recorded
from 15 to 140° 20 with a step-size of 0.013 ° and an integration time of 1 s. Struc-
tural refinements were performed with Topas (Bruker AXS Version 4.2). A Pearson
approximation (PVII) was applied to refine the peak shapes. All atomic positions not
fixed by Pmn2; geometry were allowed to converge, starting with the heaviest ele-
ment. Refinements were also used to quantify the phase fraction of powder diffraction
patterns. Details about in situ XRD measurements are given in the next paragraph.
The surface area and pore distribution of the materials was measured by Nitrogen
adsorption on a Micrometrics Tristar 3000, according to BET, BJH and T-plot theo-
ry. All samples were vacuum dried at 250°C for 24 h prior to analysis. Thermogravi-
metric analysis (TGA) was performed to measure the carbon content of the samples
using a Netzsch STA 449C Jupiter thermo analyser. The materials were heated to
850 °C in synthetic air (30mL min’l) at a heating rate of 10 °C min™'. The morpholo-
gy of the samples was further studied by electron microscopy. 3D information was
gathered on a Zeiss Supra 55 VP field emission electron microscope. Furthermore,
high magnification micrographs were recorded using a double Cs corrected cold field
emission gun JEOL JEM-ARM200F (scanning) transmission electron microscope
((S)TEM). Samples for microscopy investigations were dispersed in EtOH and soni-
cated for 20 min. A small droplet of the powder/alcohol suspension was placed on a
FE-SEM sample holder or an amorphous carbon coated Cu TEM grid, respectively.

Electrochemical characterisation

The electrochemical properties of the prepared LMS cathode materials were assessed
by galvanostatic charge-discharge measurements on a Maccor 4200. All measurements
were performed at room temperature. The applied potential window and C- rate are
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given in the corresponding sections. For comparability reasons of the C-rate, only the
one electron reaction of Mn®" / Mn®" was considered and for simplicity 1C was defined
as a current density of 160 mAh g’l. CR2016 coin cells were assembled in a glove box
(dry Ar atmosphere) using a 16 mm circular LMS cathode, a circular Li disc as anode
and a Celgard 2400 film as electrode separator. Commercial 1 M LiPF¢ dissolved in a
1:1 volume ratio of Ethylene carbonate / Diethyl carbonate solution (Aldrich Battery
grade) was used as electrolyte. Additionally, the structural changes of LMS were in-
vestigated by in situ XRD experiments during the first two galvanostatic cycles. A
conventional pouch cell was assembled for in situ experiments. The electrodes, sepa-
rator and electrolyte were the same as previously described. An image of the experi-
mental setup and a description of the in situ pouch cells are shown in the supplemen-
tary information. The cell was galvanostatically cycled on a Princeton Applied Re-
search Parstat 4000 at C/16 rate starting from OCP. The potential window was 1.5 —
4.7 V and the cell was cycled twice. The in situ XRD patterns were recorded contin-
uously on a Bruker D 8 Advance Da-Vinci with a LynxEye Xe detector working in
Bragg—Brentano (©/20) geometry using Mo K, radiation in transmission mode.
Scans were recorded from 11.7 to 15.8 ° 20 (step-size of 0.015 °, integration time 3 s).
The in situ measurement is presented as a level plot. Due to the additional layers of
Al, PE and Li that the beam had to penetrate in transition mode, the observable 20
region without interference from the cell components was limited to the above men-
tioned 20 values. Furthermore, pre and post ex situ analysis scans of the cathode
were recorded from 15 to 75 ° 20 (step-size of 0.013 °, integration time 1 s) using Cu
K, radiation.

Results and discussion

Structural evolution

All as-pyrolysed powders consisted of a mixture of crystalline LiyCOs and Li-Mn ox-
ides. Si containing oxides could not be detected by XRD and were probably present
in an amorphous state. Lack of LMS phase formation during pyrolysis was expected
due to the extremely short residence time of the particles in the temperature zone.
Further, the oxidising conditions of the CH4/O> flame cause Mn oxidation and thus
hinder phase formation. An XRD pattern of the as-pyrolysed powder is given in the
supplementary information. The as-pyrolysed samples were then mixed with 25 wt. %
corn-starch as carbon source. Amongst other studies, we previously demonstrated
that uncoated LMS has a very low electrochemical activity and thus any characteri-
sation of uncoated LMS samples was omitted in this study » The powder corn-
starch mixture was then heat treated at 550, 600 and 650 °C with a dwell time of 10
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h in flowing 5% Hs2 95 % Ar. Figure 1 shows the corresponding XRD patterns of LMS
@ EtOH and LMS @ Xylene.

a) Dwell: 10h o MnO b) Dwell: 10h o I’iAnSOO
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Figure 1: Powder XRD pattern of a) LMS @ EtOH heat treated at 550, 600 and
650 °C and b) LMS @ Xylene heat treated at 550, 600 and 650 °C, including
denotation of secondary phases and LMS Pmn2; Bragg reflections.

The onset of phase formation was in both cases detected for samples heat treated at
600 °C and the main phase was in both cases dominant at 650 °C. In the case of LMS
@ EtOH traces of MnO and LisSiO3 were detectable, while for LMS @ Xylene only
traces of MnO were detected. But in both cases the main pattern could be clearly
attributed to orthorhombic Pmn2; LMS °. Reported higher heat treatment tempera-
tures (700-800 °C) often result in a mixture of Pmn2; and Pmnb LMS. This is clearly
recognisable by the appearance of a peak at about 30.6 ° under Cu K, radiation,

Lo . . L. 26,28,29
which is sometimes disregarded or misinterpreted as a secondary phase “"*%. T

o
prevent this polymorph mixture we limited the heat treatment temperature to
650 °C. In addition, the influence of the dwell time was investigated for the LMS @
Xylene sample. Shorter dwell times resulted in incomplete phase formation, satura-
tion was observed at about 8-10 h thus all further samples were prepared using these
heat treatment parameters. The corresponding figure is shown in the supplementary
information. Morphological investigations presented in the next chapter show LMS @
Xylene to be more promising, thus further improvements and characterisation were
carried out. As shown in Figure 1 b) there are still traces of MnO present next to the
main phase. According to preliminary refinements about 3 wt. % of the phase frac-
tion can be attributed to MnO. This could imply that the synthesised LMS @ Xylene
is present in a Mn deficient form. It was hence attempted to produce nominal sub
stoichiometric LMS @ Xylene, namely LM0.94S @ Xylene and LMO0.91S @ Xylene by
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subsequently reducing the Mn(NO3)s e 4H2O precursor by 6 and 9 mole %. Figure 2
a) shows the resulting evolution of the MnO secondary phase. Figure 2 b) shows a
full pattern refinement of LM0.94S @ Xylene which gave the highest phase purity.
The refinement model matches the observed pattern fairly well. The increased back-
ground at low 20 angles is caused by the fixed slit set up. Crystalline phase fractions
and the calculated crystallite size of all samples are summarised in Table 2.

Table 2: Phase fractions of LMS @ Xylene, LMO0.94S @ Xylene and LMO0.91S @

Xylene according to Rietveld refinements.

Sample Index Li,MnSiOy4 MnO Li»SiOg Crystallite
[wt. %] [wt. %] [wt. %] size from

XRD [nm]

LMS @ Xylene 97 3 - 23.5

LMO0.94S @ Xy- 99 1 - 24

lene

LMO0.91S @ Xy- 96.5 1.5 2 25

lene

The lattice parameters of the refined orthorhombic Pmn2; structure of LM0.94S @
Xylene are a = 6.313 A, b = 5.383 A and ¢ = 4.970 A. The lattice parameters of the
other 2 compositions synthesised by Xylene assisted FSP are very similar and they all
agree with data from literature " F igure 2 a) and Table 2 show that the MnO sec-
ondary phase is reduced but does not disappear even at 9 mole % Mn sub-
stoichiometry. For the stoichiometric and 6 mole % Mn sub-stoichiometric samples
MnO was the only detectable secondary phase, but when the Mn concentration is
further reduced, LisSiOs emerges and no further reduction of the MnO phase is ob-
served. This could be caused by only a small difference in energy of formation of
MnO and LMS and the tolerance of LMS for Mn deficiency resulting in a low driving
force for phase combination at the given temperature. In fact, the appearance of
MnO as the only visible secondary phase even for samples with a reduced Mn content
indicates that LMS samples synthesised in this study are Mn deficient. This could be
charge compensated either by vacancies in the oxygen sub lattice or by a partial oxi-
dation of Mn*" to Mn®" to maintain electro neutrality.
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Figure 2: a) XRD patterns of LMS @ Xylene, LM0.94S @ Xylene and LMO0.91S
@ Xylene showing the phase evolution of the MnO secondary phase. b) Full
pattern refinement of LM0.94S @ Xylene.

It is noteworthy that all refinements underestimate the Mn 2a occupancy to values
about 0.7-0.75 without showing high values of Li/Mn site reversal. Mn”" on a Li-site
would cause changes in the diffraction pattern due to the much higher electron densi-
ty. On the other hand it could hardly be distinguished if a Mn site is actually vacant
or occupied by Li due to the very low electron density of Li'. Dominko et al. ex-
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plained this phenomena by disorder P A part of the Mn atoms could occupy states in
the interstitial octahedral voids. This would explain the remaining mismatch between
the observed and the calculated XRD patterns and the underestimated Mn occupan-

cy. Further details of all refinements are shown in the supplementary information.

Influence of precursor solution combustibility and final heat treatment on the powder
morphology

The precursor solution or in other words the fuel for the FSP process had a major
impact on the morphology of the final powders. Since LMS shows rather poor elec-
tronic and ionic conductivities the particle size is very important for the electrochem-
ical properties. Furthermore, porosity in the meso and macro range is beneficial to
maximise the contact area of the cathode material and the electrolyte and thus en-
hance the electrochemical kinetics. Table 3 shows the surface area values divided into
micropore area and external surface area and the residual carbon content of the sam-
ple measured by TGA. We define the external area by the part of the total BET sur-
face area that is not attributed to microporosity, which is by definition smaller than
2 nm in diameter. We have previously shown that to a great extent the micropore
area can be attributed to porosity in the amorphous carbon coating =,

Table 3: Surface area and carbon content of synthesised LMS samples.

Sample index BET surface External surface = Micropore Carbon content
area [m’ g area [m® g area [m’ g [wt. %]

LMS @ EtOH 72.2 49.2 23.0 6

LMS @ Xylene 97.3 67.8 29.5 6

LMO0.94S @ Xy- 93.5 64 29.5 6

lene

LMO0.91S @ Xy- 88.7 61.4 27.3 6

lene

All LMS samples showed a very similar carbon content of about 6 wt. %. Further, all
Xylene assisted FSP samples showed 20-30% elevated external surface areas com-
pared to the LMS @ EtOH sample. SEM analysis revealed major morphological dif-
ferences between samples produced with and without Xylene addition. Figure 3 shows
SEM micrographs of LMS @ EtOH and LMS @ Xylene, where a) and c) show the
corresponding powders as received from FSP and b) and d) the final powders of LMS
@ EtOH and LMS @ Xylene respectively. The resulting morphology of FSP remains
almost completely preserved after the powders were heat treated and carbon coated.
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Both powders consist of loosely agglomerated nanograins but the as-pyrolysed and
final powder of LMS @ EtOH exhibited a large amount of dense spherical particles in
the sub-pm and pm regime. These particles were also present in the LMS @ Xylene
sample but in a much lower quantity. The appearance of spherical dense particles
during conventional spray pyrolysis is well known and caused by volume precipita-
tion during pyrolysis % The increased density of these spherical sub-num particles can
be directly linked to the combustibility of the precursor solution, which in case of the
EtOH / p-Xylene solution is enhanced compared to the EtOH / H20 solution. A sim-
ilar phenomenon was observed by Dahl et al. during the comparison of different sol-
vents used for FSP of binary oxides *".

Figure 3: SEM micrographs of different LMS powders, magnifications are given
in brackets. a) LMS @ EtOH as-pyrolysed (5k), b) LMS @ EtOH (20k), c) LMS
@ Xylene as-pyrolysed (5k), d) LMS @ Xylene (20k) the inset show the same
powder at a higher magnification (40k).
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TEM/STEM analysis further revealed that the LMS @ Xylene sample consists of na-
noparticles with a mean particle size of about 20 nm ranging from 10 to 40 nm. For
this analysis the remaining few spherical sub-pm particles were omitted. This fits well
with the calculated crystallite size from XRD data. Bright-field TEM and STEM im-
ages are given in Figure 4. In the STEM micrograph also the amorphous carbon layer
surrounding the grains and the crystal orientation are indicated.

Amorphous
Carbon

layer

Figure 4: a) TEM micrograph showing weakly agglomerated LMS grains. b)
STEM micrograph of LMS grains surrounded by a thin layer of amorphous
Carbon.

The impact of precursor combustibility on the electrochemical performance

As mentioned in the previous section the precursor solution combustibility resulted in
quite noticeable morphological changes. Large micron sized particles or dense ag-
glomerates in the same range are undesirable for materials offering low ionic and elec-
tronic conductivity values like LMS. To verify the influence of the morphology, cath-
odes were fabricated of all synthesised LMS powders and galvanostatically cycled in a
potential window of 1.5 — 4.7 V at room temperature and C/16 rate. Figure 5 shows
the corresponding first and second cycle.
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Figure 5: First and second galvanostatic cycle of LMS @ EtOH, LMS @ Xylene,
LMO0.94S @ Xylene and LMO0.91S @ Xylene.

All samples suffered from an irreversible capacity loss (ICL) of about 30% in the first
cycle. This loss can partly be attributed to parasitic oxidation reactions of the elec-
trolyte and interphase formation but also the structural degradation must be consid-
ered. The structure may already completely collapse during the first oxidation and
does not allow full relithiation upon reduction. Despite the ICL which is present in all
cases, a tremendous increase in discharge capacity of over 100% from 80 to about 170
mAh g'l is visible when comparing LMS @ EtOH with the Xylene assisted samples.
In the Mn sub-stoichiometry series almost no difference in discharge capacity was
detectable which is most probably due to comparable phase purity and the fact that
all synthesised samples showed a Mn stoichiometry < 1 according to XRD data. The
second charge profile looks completely different from the first one, which indicates
structural changes. This behaviour is well known and understood for LisFeSiOy,
where the delithiation is shifted to lower potentials caused by structural rearrange-
ments *2 %, In contrast to this, not only the onset of oxidation is lowered to poten-
tials at about 3 V but also the slope of the charge curve is much steeper without any
plateau like regions which could be explained by the loss of crystallinity and thus
order. The discharge profile in the second cycle remains the same but a loss in dis-
charge capacity of about 10-15 mAh g'1 is present. The capacity fading makes it chal-
lenging to investigate the rate capability since the discharge capacity is influenced by
both, the number of cycles the battery was tested and the charge rate.
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Figure 6 a) shows the first discharge capacity of LM0.94S @ Xylene at four different
rates ranging from C/50 to C/2. The coulombic efficiency is in all cases about 70%.
The inset shows the first 20 cycles of the same materials at C rates from C/2 to 5C.
Furthermore, the capacity fade with respect to the potential window and thus the
amount of Li extracted/inserted for 150 cycles is shown in figure 6 b).
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Figure 6: a) First discharge of LMO0.94S @ Xylene at different rates, 20 cycles at
higher rates are shown in the figure inset. b) Discharge capacity of LMO0.94S @
Xylene during 150 cycles in two different potential windows 4.7-1.5 and 4.4 to

2.0 V. The right ordinate shows the coulombic efficiency in %.

Figure 6 a) shows the first discharge capacity rating from 145 to 190 mAh g'l de-
pending on the C-rate. The values at C/50 and C/16 are 190 and 170 mAh g, re-
spectively. Additionally, it has to be considered that capacities reported here are with
respect to the LMS/C where the amorphous carbon coating acts as conductivity en-
hancer. To obtain the specific capacity of the bare silicate the weight of the carbon
coating (6 wt. %) needs to be subtracted which leads to values of ~180 and 200 mAh
g’l at C/16 and C/50, respectively. Both values cannot be solely attributed to the
Mn®/Mn®" redox couple, especially considering that the charge capacity is 30 %
higher. It is believed that the second Li is mobilised to a certain amount at slow C-
rates by the Mn/“/ Mn*' redox couple. Figure 6 b) shows that the known capacity
decay of LMS is directly related to the potential window of operation and thus to the
amount of Li being extracted from the structure during each charge. LM0.94S @ Xy-
lene was cycled in two different potential windows, 1.5-4.7 and 2-4.4 V at C/4. The
sample cycled in the large potential window showed an initial discharge capacity of
156 mAh g’l. After 20 cycles the capacity dropped to 58 mAh g'l, which corresponds
to a capacity retention of only 37% On the other hand, the sample cycled in the
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smaller potential window retained 62% of its initial value of 112 mAh g’l. It can be
concluded that the capacity decay is directly linked to the amount of Li removed
from the structure and thus the oxidation state of Mn. To further confirm that the
ICL in the first cycle cannot be solely attributed to unwanted oxidation reactions it
was attempted to completely mobilise the first Li at lower potentials. This was ac-
complished by inserting a potentiostatic step in the galvanostatic cycling program.
LMO0.91S @ Xylene was charged at C/16 to a moderate potential of 4.2 V and kept at
this potential until the current density dropped to a value of 0.005 C. Afterwards it
was discharged at C/16 to 1.5 V and subsequently cycled again without the potenti-
ostatic step. The result of the experiment is shown in Figure 7.

—— 1% cycle
----2"cycle
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Figure 7: First to cycles of LMO0.91S @ Xylene at C/16 in a potential window of
1.5 — 4.2 V including a potentiostatic step at 4.2 V until the current density
declined to a value of 0.005 C at the end of the first charge.

The charge capacity of 163 mAh g fits well with the theoretical capacity of the one
electron reaction, especially considering the carbon coating and the fact that the
studied LMS samples show slight Mn sub-stoichiometry. The corresponding discharge
capacity was only 134 mAh g’l, hence still showing a prominent ICL of 18% even at
potentials well within the kinetically controlled stability range of the electrolyte % In
order to further confirm that the capacity decay is caused by irreversible amorphisa-
tion, the structural evolution of LMO0.94S @ Xylene was monitored during the first
two galvanostatic cycles in a pouch cell by in situ X-ray diffraction using Mo K, ra-
diation in transmission mode. The corresponding in situ level plot is shown in Figure
8. The 20 range was limited to 11.7 to 15.8 °. In this range the 111 200 and 210 020
double peaks were monitored. The intensity of these two double peaks during the

194



first scan was set as maximum intensity in the level plot representation. This short
scan range was chosen to omit strong peaks from the polyethylene and Al from the
pouch material and current collector. To keep a good time resolution the scan, time
was chosen to be as short as possible (722 min) while the cell was charged at a low
rate of C/16. The charge-discharge behaviour in the pouch cell was somewhat differ-
ent to the experiments on coin-cells showing an increased charge and a decreased dis-
charge capacity which could be caused by an inhomogeneous pressure distribution in
our in situ cells”.
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Figure 8: In situ XRD level plot during the first two galvanostatic cycles at
C/16 of an LMO0.94S @ Xylene pouch cell using Mo K, radiation in transmission
mode. At the top the 2 observed double peaks are shown and on the right hand

the cycling profile.

The in situ XRD level plot shows clearly the loss of crystallinity of the LM0.94S @
Xylene cathode during the first charge. The (210) (020) double peak disappears at
potentials slightly higher than 4 V and a state of charge of about 120 mAhg’1 which
corresponds to 0.72 Li per formula unit if side reactions are excluded. The (111) (200)
double peak diminishes into the background noise at higher potentials of about 4.6 V.
During discharge and in the subsequent cycle none of the Pmn2; peaks reappear, we
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thus conclude the amorphisation is irreversible. Interestingly, other peaks appear in
the in situ measurement. As shown in the level plot one sharp double peak or two
very close peaks appear at about 11.8-11.9° 20 and they seem to be slightly shifted to
lower 20 angles in the second cycle. Another peak appears in both the first and sec-
ond charge at potentials of around 4.25 V at 20 of about 14.1° but disappears again
as the potential is increased. Unfortunately, due to the short scan range and the qual-
ity of data none of these peaks could be indexed. Also one has to consider that any
crystallisation occurring in the cell would be monitored since the experiment was per-
formed in transmission mode. To further investigate changes on the cathode and to
gain a better signal to noise ratio, the in situ cell was disassembled and the cathode
was washed multiple times with DEC to remove LiPFs. A diffractogram was recorded
from 15 to 75° 20 using Cu K, radiation. The results are compared to a fresh elec-
trode and shown in Figure 9.
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Figure 9: XRD patterns of an LMO0.94S @ Xylene fresh electrode and after two

in situ cycles. LMS Pmn2; Bragg reflections are added and the peaks originating

from the MnO impurity and the Al current collector are denoted. Additional Al
peaks are instrument caused by parasitic Cu Kg and W L radiation.

None of the observed unknown peaks during the in situ measurement were observed
on the cycled electrode, making it impossible to conclude the chemical composition of
the observed crystallisation and the exact place where it occurs. Alongside the peaks
of the Al current collector and the MnO secondary phase, only a weak signal which
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could be attributed to the 011 main peak of Pmn2; LMS is still visible while all other
peaks of the main structure completely disappeared, confirming the irreversible
amorphisation of LMS upon cycling.

Conclusions

With liquid-feed flame spray pyrolysis, an alternative method which enables prepara-
tion of nanoscaled LMS/C in large quantities is reported. It was shown that the com-
bustibility of the precursor solution had a major impact on the particle morphology
and the resulting electrochemical performance. All prepared samples based on the 5:1
EtOH / P-Xylene solution are believed to exhibit slight Mn sub-stoichiometry. For
the nominal and the 6 mole % Mn sub-stoichiometric samples traces of MnO was the
only detectable secondary phase. Further reduction of the Mn concentration caused
formation of LiSiOs. The highest capacity achieved in this study was 190 mAhg'1
during the first discharge at a charge rate of C/50. At a higher C rate of C/2 the first
discharge capacity still exceeded 140 mAhg‘l. Values over 166 mAhg’l cannot solely
be caused by the Mn?/*" redox couple. Also, the high charge capacities suggest ac-
tivity of the second redox couple (Mn3""4') at slow C-rates, but the structural col-
lapse does not allow full relithiation during the discharge. The theoretical capacity
was not reached even during the charge at low rates and it can thus be concluded
that to mobilise the second Li ion not only the structural instability must be over-
come but also electrolytes with a larger potential window are required. All samples in
this study showed a prominent irreversible capacity loss between the first charge and
discharge and capacity fade caused by the structural instability of LMS. In situ XRD
experiments showed that a complete loss of crystallinity already occurs during the
first charge. This loss was shown to be irreversible and no XRD peaks corresponding
to LMS reoccurred during the discharge and the subsequent cycle. It is concluded
that LMS has major shortcomings to be solved before it could potentially become
interesting for battery applications, since the ability of delivering two Li per formula
unit is not possible in the given potential range without the stabilisation of the struc-
ture. Nonetheless, it is noteworthy that in principle the reported synthesis should also
be applicable for LisFeSiO4 which shows more potential as a stable low cost cathode
material for Li-ion batteries, as well as other transition metal oxides suitable for bat-
tery applications.
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Abstract

LisMSiO4 (M = Fe, Mn, Co) compounds have since their discovery gained increased
attention as alternative, inexpensive and inherently safe positive electrodes for Li-ion
batteries. To meet the required performance for an electrode, sophisticated, complex
and time-consuming synthesis measures are required at present. Here, we present a
time-efficient and scalable aerosol combustion method with subsequent annealing,
leading to nanoscale and carbon-coated LisFeSiO4 and Li2FegsMng5Si04. Using lig-
uid-feed flame spray pyrolysis, we demonstrate synthesis of highly phase pure materi-
als in a relatively short time. The importance of the precursor concentration, in order
to obtain loosely agglomerated nanoparticles, is discussed and the long-term perfor-
mance is investigated. In the case of LisFeSiOy4, the optimised precursor concentration
yielded particles of about 30 nm, which delivered an initial discharge capacity of up
to 150 mAhg " at 60 °C and C/20. Furthermore, over 50% of the capacity is retained
at a high rate of 5C, and long-term cycling showed outstanding capacity retention of
over 90% after 300 cycles at a moderate rate of C/2. LisFesMng5SiO4 on the other
hand, was shown to suffer from a severe capacity fade, and upon prolonged cycling
the redox activity can be attributed solely to Fe.
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Introduction

As LiFePOy is a well-established cathode material for Li-ion batteries, other polyan-
ion mateials, like LisMSiOy4, where M = Fe and Mn, have recently gained much in-
terest as alternative cathode materials. They are interesting since they consist of
cheap, abundant and environmentally benign elements. Strong Si-O bonds in the
framework result in a good thermal stability and the transition metal to Li ratio of
1:2 could, in theory, allow the exchange of two Li per formula unit, giving rise to
high theoretical capacities exceeding 300 mAh g’l. 13 Li,MSiO, compounds adopt 3
and vy LisPOy4 structures depending on the synthesis conditions and the transition
metal cation. *® One major shortcoming of the orthosilicates is the low conductivity
values both with respect to electronic and ionic conductivity. These shortcomings can
be overcome by the application of a conductive carbon coating and the synthesis of
nanostructured materials to limit the mean diffusion length for Li ions. 0T A high
porosity in the meso and macro range, and thus a high contact area for the electro-

8-11

lyte, was also shown to be significant. The majority of reported syntheses are wet

chemical methods, such as solvothermal, 12

10,15-17 11,18

solution and sol-gel related processes,
and combustion syntheses. Unfortunately, most of these syntheses are not
scalable, or are hard to control during up-scaling, and hence are not applicable for
the preparation of large quantities of electrochemically active orthosilicates. We pre-
viously demonstrated liquid-feed flame spray pyrolysis (LF-FSP) as a novel alterna-
tive method to synthesise nanoscaled LioMnSiOy, offering a high discharge capacity of
up to 190 mAh g’l, and excellent rate capability. 19 LisMnSiOy4, however, suffers from
severe capacity decay and amorphisation of the structure, caused by distortions and

19-22 Contrarily, LioFeSiO4 was

changes in the Mn coordination upon oxidation.
shown to be stable in the one electron reaction range and is thus an interesting can-
"2 Mn substitution in LisFeSiO4 would be

attractive, if the structure does not collapse, since Mn can give rise to two additional

didate as low cost alternative cathode.

redox couples. Also, the Mn?' /Mng‘ redox reaction occurs at higher potentials vs.
Li/Li" compared to the Fe*' /Fe®’ redox reaction. *** The combination could result
in a higher specific energy, due to an increased capacity and higher voltage. Here, we
communicate LF-FSP of an EtOH/p-Xylene based metal nitrate and tetraethyl or-
thosilicate solution, combined with a reducing heat-treatment and carbon coating, as
a time-efficient and scalable method to synthesise LisFeSiO4 and LisFepsMng5Si0y4 as
a cathode material for Li-ion batteries.
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Experimental

Sample preparation

In this study, samples of the composition LisFeSiO4 (LFS) and LisFeqsMng 55104
(LFMS) were synthesised. The solutions for LF-FSP consisted of EtOH and p-Xylene
in a volume ratio of 5:1 and a total volume of 125 mL. In the case of LFS, two differ-
ent Fe precursor concentrations, 0.24 mol L™ and 0.12 mol L'l, were investigated. For
the higher concentration, 0.03 mol Fe(NOs)s - 9H20 (Sigma-Aldrich, > 98%) was dis-
solved in the above mentioned amount of solvent under vigorous stirring at 50 °C.
Subsequently, 0.06 mol LiNOs (Alfa Aesar, 99%) and 0.03 mol tetraethyl orthosilicate
(TEOS) (VWR 99%) were added. The lower concentration solution was made with
exactly half the amount of precursors. The samples are subsequently denoted as LFS
0.24 and LFS 0.12. One solution of LEFMS at high concentration was prepared. The
LFMS 0.24 solution was prepared in the same manner as the higher concentrated
LFS solution, and 0.015 mol Fe(NO3)39 HoO was substituted by Mn(NO3)s - 4H0
(Merck Ensure for analysis, >98%). The LF-FSP process was performed on a NPS10
Tethis S.p.A., at a constant liquid and dispersion gas (O2) flow rate of 5 mL min™.
The solutions were sprayed into a CHy/Os (flow rate: 1.5/3 L min’l) flame with a
pressure drop (dispersion gas at the nozzle tip) of ~2 bar. After the LF-FSP process,
the powders were collected on a glass microfiber filter (Whatman GF6). As the car-
bon source, 30 wt. % corn-starch (Carl Roth GmbH & Co. KG for laboratory use)
was mixed with the collected powders by wet ball milling for 10 h, using an equiva-
lent volume of YSZ grinding media (® 5 mm) and EtOH as a dispersant. Heat
treatments were carried out in a reducing atmosphere (2% Hs in Ar: flow rate 10
L/h), at 650 °C and 10 h dwell, to allow phase formation and carbon coating in a
single step. The heating and cooling rates were 200 °C n'.

Physiochemical characterisation

The phase formation and phase purity was monitored by X-ray diffraction. All X-ray
powder diffraction patterns were recorded on a Bruker D8 Advance Da-Vinci
equipped with a LynxEye Xe detector, working in Bragg—Brentano (©/20) geometry.
Patterns were recorded using CuK, (1.54060 A) radiation. The scan range for the as
pyrolysed powders was 15 to 75 ° 20 with a step-size of 0.013 ° and an integration
time of 0.75 s. The final samples were recorded from 15 to 140 ° 20 with a step-size
of 0.013 ° and an integration time of 1 s. Lattice parameter calculations and full pat-
tern refinements for the quantification of secondary phases was performed with Topas
(Bruker AXS Version 4.2). Fundamental parameters were applied to refine the peak
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shapes. The refinement of LFS in the space group P2;n was started with a model by
Dahbi et al.'®. The lattice parameters and the angle 3 were allowed to relax and sub-
sequently the atomic positions were allowed to relax, starting with the heaviest atom.
The refinements of the LEMS sample were done by combining this model with a pre-
viously reported model for B LioMnSiOy. 1626 The carbon content was estimated by
thermogravimetric analysis (TGA) in synthetic air (30 mL min") on a Netzsch STA
449C Jupiter thermo analyser. Samples were heated to 850 °C at a heating rate of
10 °C min™. Surface area and pore size distribution data was acquired by nitrogen
adsorption on a Micrometrics Tristar 3000, for which the samples were vacuum dried
at 110 °C for 24 h. Further morphological investigations were carried out by field
emission scanning electron microscopy (FE-SEM) on a Zeiss Supra 55 VP. The sam-
ples were prepared by ultra-sonication of a powder EtOH suspension for 20 min prior
to analysis.

Electrochemical characterisation

The electrochemical properties were assessed by galvanostatic cycling experiments on
a Maccor 4200. Applied voltage windows were 1.5 - 4.4 V for LFS samples and 1.5 -
4.7 V for LFMS samples. All samples were characterised at room temperature. Addi-
tionally, cells made with LFS 0.12 were characterised at 60 °C. The corresponding
electrodes were prepared by a tape casting method. A slurry containing 75 wt. % ac-
tive material, 15 wt. % conductive carbon (Super P Timcal) and 10 wt. % polyvinyli-
dene fluoride (PVDF) (Kynar, reagent grade) as binder dispersed in N-Methyl-2-
pyrrolidone (NMP) (Sigma Aldrich > 99 %) was prepared using a shaker mill (20
min). This slurry was tape casted on Al foil as current collector and dried for 12 h at
90 °C in vacuum. Circular cathodes (0 16 mm) with a solid load of about 1.5 mg cm’
% were cut from the casts. Using these cathodes, CR2016 coin cells were assembled in
a glove box (dry Ar atmosphere). Circular Li discs acted as counter electrodes, sepa-
rated by a Celgard 2400 PP film. The applied electrolyte was 1 M LiPFg dissolved in
a 1:1 volume ratio of ethylene carbonate / diethyl carbonate solution (Aldrich Bat-
tery grade). The measured capacities are reported with respect to the mass of the
carbon coated composite. The charge rate, C, was defined as a current density of 160
mAg’1 = 1C. After galvanostatic cycling experiments, selected batteries were disas-
sembled in a glove box, and XRD scans of the cathode were recorded to investigate
the structural integrity. Scans were recorded from 15 to 65 ° 20 (step-size of 0.013 °,
integration time 2 s) using Cu K, radiation and compared to the patterns of the cor-
responding powders.

208



Results and discussion

XRD patterns of the three as-pyrolysed powders are shown in Fig. 1. All powders
were shown to be highly amorphous. Crystalline parts were indexed to LiaCOs and
one or more spinel phases. The exact chemical composition of the spinel phase could
not be resolved due to low crystallinity and peak broadening effects.

o Li,CO, PDF 00-001-0996 x Spinel phase(s)

X

LFMS 0.24

Intensity [a.u.]

LFS 0.12

LFS 0.24
20 30 40 50 60 70
Position 20 [°]

Figure 1: Powder XRD patterns of as pyrolysed LFS 0.24 (black), LFS 0.12
(blue) and LFMS 0.24 (green).

It was expected that phase formation would not occur during the pyrolysis. The
combination of extremely high temperatures, a short residence time, and the oxidis-
ing nature of the flame during the LF-FSP process, does not allow the phase for-
mation of such a complex system. The Rietveld profiles of the samples are shown in
Fig. 2. Both LFS samples were present in the ys polymorph (P2;n), and the LFMS
0.24 consisted of a mixture of vs and B (Pmn2;) polymorphs, which is commonly
reported for LisMnSiOy. 02T LFS 0.24 showed a higher crystallinity and a better sig-
nal to noise ratio compared to LFS 0.12 and LFMS 0.24. Accordingly, the structural
model was refined with LFS 0.24. In the case of LFS 0.12 only the unit cell dimen-
sions and the angle B were refined. Since LFMS 0.24 consisted of a polymorph mix-
ture, the model for LFS 0.24 was combined with a previously reported model for
LioMnSiOy. 1619 g phase fraction was calculated to consist of 61 wt. % monoclinic
P2;in, and 37 wt. % orthorhombic Pmn2;. Unfortunately, the quality of our data did
not allow a meaningful refinement of the cation occupancy in each polymorph of the
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LFMS 0.24 sample. The crystalline fraction of LFS 0.24 and LFMS 0.24 showed mi-
nor traces of LisSiOg, calculated to be 1.5 wt. % and 2 wt. %, respectively. In the
case of LFS 0.12, LisSiO3 could not be detected but 2 wt. % of a cubic LisFe304
phase was present. Calculated phase fractions can have error margins of up to 5 %
but the fits obtained in this study seem reasonable and the secondary phase peaks are
hardly distinguishable from the background. The corresponding cell parameters and
calculated crystallite sizes, from the full width at half maximum of the 111 peak (011
for orthorhombic Pmn2;), are given in Table 1.
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Figure 2: Rietveld profiles of a) LFS 0.24, b) LFS 0.12 and c) LFMS 0.24.
Including a magnified region 15-45 ° 2@, the corresponding hkl values and the
calculated phase fraction.

Table 1: Unit cell parameters and calculated crystallite size of LFS 0.24, LFS
0.12 and LFMS 0.24.

Sample a [A] b [A] c [A] B I Unit cell  Crystal-
volume lite size
[A? from 111
[nm]

LFS 0.24 (P2;n) 8.21987(37) 5.01401(15) 8.24400(37) 98.9590(21) 335.628(24) 42
LFS 0.12 (P2;n)  8.2164(10)  5.01225(39)  8.2424(11)  98.9363(54)  335.326(66) 28
LEMS 0.24 (P2;n) 8.2688(23)  5.00061(30)  8.2689(26)  98.8757(78)  338.43(15) 40
LFMS 0.24 6.2772(17)  5.3745(14)  4.96277(80) - 167.428(68) 34
(Pmn2;)

The unit cell dimensions of the two LFS samples are very similar to each other and
in agreement with data from the literature. 1038 The 50 % Mn substituted sample
LFMS 0.24 offers increased P2;n unit cell dimensions along the a and the c-axis while
the b-axis is slightly shortened, leading to an overall increased cell volume. At the
same time the Pmn2; unit cell has a slightly smaller volume than previously reported
data for LisMnSiOg. 1 This can be explained by the difference in ionic radius of tet-
rahedrally coordinated Mn”" and Feﬂ7 where the former has an ionic radius of 0.80
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A, and the latter 0.77 A. » Further, the decreased precursor concentration of LFS
0.12 led to a reduced crystallite size. The difference in the calculated crystallite sizes
and the increased degree of crystallinity of LFS 0.24 compared to LFS 0.12 suggests
morphological differences. For LFMS 0.24, a discrepancy of the calculated crystallite
size between the two polymorphs is visible. While the P2;n crystallite size is in the
same range as for LFS 0.24, the Pmn2; crystallite size is notably smaller. For this
sample in particular, strain between both polymorphs could influence the calculated
values. Fig. 3 shows FE-SEM micrographs of all powders.

LFES 0.24 200nm LFS 0.24
. :

LFS 0.12 260mm

=4

f)

F

LFMS 0.24 200 nm LFMS 0.24"

Figure 3: FE-SEM micrographs of LFS 0.24 (a and b), LFS 0.12 (c and d) and
LFMS 0.24 (e and f).
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All powders consist primarily of loosely agglomerated nanoscale particles, but differ-
ences, are clearly visible, in particular for the two LFS samples. The higher magnifi-
cation reveals that parts of the LFS 0.24 sample consist of large irregularly shaped,
dense agglomerates. However, the LFS 0.12 sample offers mainly loosely agglomerat-
ed nanoparticles and some spherical sub-pm (> 200 nm) size dense agglomerates. The
authors observed a similar morphology for LF-FSP synthesised LisMnSiOy, 9 alt-
hough without the concentration effect observed here. This gives a clear indication
that the concentration of the Fe(NOg)s - 9H20 precursor has a pronounced effect on
particle growth and agglomeration. It cannot be concluded if the ferric ion itself or
the increased amount of nitrate anions and crystal water is causing this effect. LFMS
0.24 also shows some dense agglomerated areas, clearly visible in the upper left corner
of Fig. 3 f), but the amount of these agglomerates is reduced compared to the LFS
0.24 sample. The addition of corn-starch prior to the annealing not only ensures the
generation of a carbon coating but also hinders further particle growth. This is sup-
ported by the BET data, illustrated in Table 2, comparing the as-pyrolysed powders
and the carbon coated powders.

Table 2: Surface area data, divided into micropore area (pore < 2 nm) and
external surface area for as-pyrolysed and coated samples. As-pyrolysed samples
are denoted by AP.

Sample BET surface area External surface area Micropore area [m2g'l]
[m’g™"] [m’g™]

LFS 0.24 AP 48.04 39.38 8.66

LFS 0.24 70.11 36.81 33.30

LFS 0.12 AP 94.02 87.16 6.86

LFS 0.12 94.97 71.81 23.16

LFMS 0.24 AP 60.11 50.11 10.00

LFMS 0.24 79.60 56.76 22.84

Furthermore, the surface area in Table 2 is divided into micropore area and external
surface area, where the latter reflects the active surface area of the material since mi-
cropores are by definition smaller than 2 nm and cannot be penetrated by the solvat-
ed ions " It was previously shown that the micropores can, to a high extent, be at-
tributed to porosity of the amorphous carbon coating. This is likely the case here as
well, since the amount of microporosity is, in all three cases, increased after the an-
nealing step. The lowered Fe precursor concentration led to a strong increase in the
external surface area, and hence indicates smaller particles, which is in agreement
with the FE-SEM observations. The surface area of the Mn substituted sample
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LFMS 0.24 lies between the two LFS samples. This is also in agreement with the FE-
SEM observations, where we pointed out that the amount of dense agglomerates is
reduced. The noticeably increased micropore area in all cases gives a first indication
of a substantial amount of carbon in the samples. Fig. 4 shows the pore size distribu-
tions and the TGA curves used to estimate the carbon content of the three samples.

10 LFS0.24 Fsozs 1,00

T 0.9 a) - —LFs0.12 b) - —iFso12 104

PR — - =LFMS 0.24 —--LFMS 0.244 103
£ 0,84
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dV/dlog(D) Pore Volume [c
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Pore Diameter [nm]  Temperature [°C]

Figure 4: a) Pore size distribution, b) TGA profile in synthetic air of LFS 0.24,
LFS 0.12 and LFMS 0.24.

The pore volume in the meso-range of LFS 0.12 and LFMS 0.24 is larger than for
LFS 0.24, which is also supported by the FE-SEM data. The combination of these
observations strengthen the hypothesis that high Fe(NO3); - 9H2O precursor concen-
trations lead to particle growth and the formation of dense agglomerates. Both LFS
0.24 and LFS 0.12 show an onset of mass gain at about 200 °C which can be at-
tributed to the oxidation of F62+, resulting in the formation of Li2SiO3 and FeyOs. 18
This mass gain is followed by a mass loss, at temperatures < 500 °C, caused by the
oxidation of the carbon coating, causing evolution of CO and COj. The carbon con-
tent estimated from the mass loss is in the case of LFS 0.24 about 12 wt. %, and in
the case of LFS 0.12 about 10 wt. %. The curve of the LFMS 0.24 sample is quite
similar but shows some mass regain and loss at temperatures > 500 °C. The addi-
tional Mn cation complicates the TGA profile since it can form different oxides de-
pendent on the temperature and the oxygen partial pressure. 2 If it is assumed that
the mass loss between 270 °C and 500 °C is caused by the decomposition of the car-
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bon coating, the initial carbon content of the sample is about 6-7 %. Electrodes were
fabricated from all samples, and the electrochemical properties were assessed by gal-
vanostatic cycling at room temperature. The upper cut-off voltage for both LFS sam-
ples was set to 4.4 V, whilst LFMS 0.24 was charged up to 4.7 V, to allow the oxida-
tion of Mn. Fig. 5 a), b) and ¢) show the first, second and fifth galvanostatic cycles of
the corresponding samples at a charge rate of C/20. Fig. 5 d) and e) show the result-
ing differential capacity plots of LFS 0.12 and LFMS 0.24.

45 45
LFS 0.24 LFS 0.12
4,0 a) 4,0 b)
< 3,54 — 3,5
> —— 1% cycle 2. —— 1% cycle
3,04 n 3,0
(% —_ 2‘: cycle i —— 2" ¢ycle
£ 2,5+ ——5"cycle = 259 ——5"cycle
> 2,04 > 2,04
G U S —— G20 S
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Capacity [mAhg'W] Capacity [mAhg’*]
4,5 C) LFMS 0.24
4,0
S 351 —— 1% ¢cycle
® a0l —— 2" cycle
g 20 —5" c;IcIe
= 254
> 204
4151 C/20
0 20 40 60 80 100 120 140
Capacity [mAhg'w]
LFS 0.12 0 LFMS 0.24 Mn* > Mn’.
12004 1% cycle A . n” > Mn
1000 d) —— 2" cycle 150'6) ~
n Fe*' > Fe® Fe* > Fe*
800 ——5"cycle 1004 —— 1% cycle €

600 Fe? > Fe™ Initial structure

cycled structure

0] o rr Y. rerere

400 cycled structure Initial structure
T T T
20 25 3,0 35 4,0

—— 2" cycle

/

3 . P l';"". ~— . "
Fe? < Fe® = Mn" <m0’

Differential capacity [mAhV ']
N
8
h

15 20 25 30 35 40 45
Voltage [V] Voltage [V]

Figure 5: First, second and fifth galvanostatic cycle of a) LFS 0.24, b) LFS 0.12
and c¢) LFMS 0.24. The corresponding differential capacity plots of LFS 0.12 and
LFMS 0.24 are shown in d) and e) respectively.
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Both LFS samples showed a reduced capacity during the first charge, which can be
attributed to the partial oxidation of Fe during prolonged storage in air. 30 However,
the mixed metal sample LFMS 0.24 does not show this effect in a pronounced man-
ner, and also our previous studies on Li;MnSiO4 have not shown a reduced charge
capacity on the first cycle. 1631 Thig suggests that divalent Mn is not as prone to oxi-
dation in contact with air as divalent Fe. The discharge capacity of LFS 0.12 is 110
mAhg’l, more than 50 % higher than of LFS 0.24. The enhanced electrochemical ac-
tivity can be attributed to the smaller particle size and higher surface area of the ma-
terial. LEMS 0.24 shows a very similar first discharge capacity but a substantial, ir-
reversible capacity loss during the first cycle and a capacity retention of only 76 %
after five cycles.

LFS has been shown to undergo structural rearrangements upon cycling. The as-
prepared monoclinic ys polymorph converts to an inverted orthorhombic B structure.
432 Ag this occurs, the connectivity of the FeOy units changes, and hence so do the
intercalation/deintercalation potentials. This can be seen in the galvanostatic cycling
plots but it is even more visible in the differential capacity plot in Fig. 5 d). In the
initial cycle, the deintercalation potential is located at 3.15 V and the corresponding
intercalation potential at 2.99 V. Upon cycling, these peaks disappear while new an-
odic and cathodic peaks appear at 2.87 V and 2.75 V., respectively. The differential
capacity plot of LEMS 0.24 (Fig. 5 e)) is more complicated. As already seen in Fig. 5
c), the voltage profile of LFMS changes upon cycling. During the first and second
discharge, three distinct slopes can be distinguished, whereas in the fifth cycle the
first slope at high potentials disappeared. The strongly sloping curves and the capaci-
ty fade already indicate a progressing structural degradation. The sloping profile
leads to wide peaks in the differential capacity plot. The redox reaction of Mn and Fe
are indicated by arrows in the colour corresponding to the cycle. During the first oxi-
dation, only minor activity can be detected below 4 V. The broad minor peak at
about 3.5 V can be attributed to the oxidation of Fe’' to Fe®'. Indeed, Fe?' in
LFEMS 0.24 could also have been partly oxidised upon storage. At potentials over 4 V
a huge peak occurs which is attributed to the oxidation of Mn®" to Mn®'. During the
following discharge, three distinct broad cathodic peaks occur. The first and second
broad peaks are located at about 4 and 2.7 V, respectively. Several authors have
shown by cyclic voltammetry that LiaMnSiO4 exhibits two peaks upon initial dis-
charge independent of whether their reported capacities indicated a one or two elec-
tron reaction. *** If one considers the structural collapse of LisMnSiOy, the minor
first cathodic peak, at around 4 V, can be attributed to Mn2+/ Mn®" still in its initial
chemical environment, while the second, more pronounced peak would correspond to
Mn®" / Mn®" in an altered chemical environment. This is also the case for LEMS 0.24.
The third cathodic peak at 2.3 V corresponds to the FeQ}/FeB‘ reduction, and the
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subsequent oxidation shows the according anodic peak at about 2.5 V. The anodic
Mn*" / Mn*" peak during the second oxidation is also shifted to lower potentials and
becomes extremely broad. Finally, in the fifth cycle only the peaks corresponding to
the Fe®" / Fe*' redox couple are still visible while any Mn activity is visually absent.
This could be caused by Mn dissolution in combination with a structural collapse.
These findings are in agreement with other reports communicating severe capacity
fade upon cycling for Mn substituted LisFeSiOy4, ***" as well as theoretical predic-
tions. 2 Since LFS 0.12 showed a superior performance compared to LFS 0.24, fur-
ther characterisation of LFS 0.24 was omitted. The initial capacity of 110 mAhg’1 is
still lower than the theoretical capacity of 166 rnAhg_1 for the one electron reaction.
However, it has to be considered that 10 wt. % of LFS 0.12 consists of amorphous
carbon and does not take part in the electrochemical reaction at these potentials. To
give a more realistic number of how many Li ions per transition metal are extract-
ed/inserted, the carbon coating needs to be subtracted from the active material mass.
This leads to a discharge capacity of 122 mAhg’1 for the pure active material, which
corresponds to the insertion of about 0.74 Li per transition metal ion. To push this
number closer to 1, the kinetics were enhanced by cycling LFS 0.12 at an elevated
temperature of 60 °C. The corresponding galvanostatic cycling profile of LFS 0.12 at
different C rates is shown in Fig. 6. The cell was cycled at C/20, C/5,C/2, 1C, 2C
and 5C for five consecutive cycles. As previously mentioned the first charge profile
looks different from the rest, and was excluded for clarity of the figure.
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Figure 6: Galvanostatic cycles of LFS 0.12 at 60 °C. The cell was cycled five
times at each C rate, ranging from C/20 to 5C. The first charge is excluded.
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Despite the previously described behaviour during the first charge, no discrepancy
between charge and discharge capacity was detected, demonstrating the reversibility
of the reaction also at elevated temperatures. The initial discharge capacity was 150
mAhg’l. This value corresponds well to the complete one electron reaction (LioFeSiOy
> LiFeSiOy) if the carbon content (710 wt. %) is subtracted from the active mass of
the cathode. Within the first five cycles, the capacity stabilises at values of about 140
mAhg”. At a rate of 1C and 5C, 2/3 and 1/2 of the initial capacity is retained, re-
spectively. This displays an acceptable rate performance. Fig. 7 shows the rate per-
formance, ranging from C/20 to 5C, of LFMS 0.24 and LFS 0.12 at room tempera-
ture. Parts b) and c¢) show the long-term performance of both samples at C/2 rate
including the coulombic efficiency and differential capacity plots of different cycles in
the insets.
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Figure 7: a) Rate capability of LFMS 0.24 and LFS 0.12 at room temperature. b)
Long-term cycling of LFMS 0.24 at C/2. Inset shows the differential capacity of
the 1%, 75™ and 150 cycle. c) Long-term cycling of LFS 0.12 at C/2. Inset
shows the differential capacity of the 10", 75" 150", 225" and 300" cycle.
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LFS 0.12 shows an overall stable cycling behaviour at 60 °C and room temperature.
Also, at room temperature, over half of the initial capacity is retained at a high cur-
rent density of 800 rnAg_1 (5C), hence proving the temperature independence of the
rate capability in the given temperature region. After 40 cycles, the LFS 0.12 sample
shows a capacity retention of 94%. However, LFMS 0.24 shows a severe capacity fade
during the initial cycles at C/20 rate. Hence, it is not straight forward to define the
rate capability, since the lower capacity at higher rates is influenced by the loss al-
ready occurred in the initial cycles. Further, the capacity fade of LFMS 0.24 is much
less pronounced at higher rates. We link this behaviour to LiaMnSiO4, where the ca-
pacity decay is directly linked to the amount of Li exchanged and hence the capacity.
19,33 Fig. 7 b) shows the capacity retention during long time cycling of LFMS 0.24 at
C/2 rate. The capacity retention after 40 cycles is only 50 %. Afterwards, only a slow
decay is observable. The cell broke down after 205 cycles, possibly caused by side
reactions due to the high potential window. The inset shows the differential capacity
of the 1%, 75" and 150" cycle. The first cycle resembles the differential capacity plot
discussed in Fig. 5 e), and as previously mentioned any Mn activity disappears from
the differential capacity plot after prolonged cycling. The differential capacity during
the 75" and 150" cycle show 1 anodic and 1 cathodic peak corresponding to the
Fe?" /Fe3+ redox reaction. These two peaks are slightly shifted in potential and raise
the question if structural rearrangements happen upon prolonged cycling. In compari-
son, LFS 0.12 shows a stable cycling profile with a capacity retention > 90% after
300 cycles. The coulombic efficiency approaches 100 % after the first few cycles. The
inset shows the differential capacity of the 10", 75" 150", 225" and 300™ cycles
demonstrating the excellent stability of the system. The stability was confirmed by
post-mortem XRD in a fully discharged state. Disassembly of the LFS 0.12 cell after
300 cycles was carried out in an Ar filled glove box. The electrode was thoroughly
washed with DEC. The LEMS 0.24 cell, shown in Fig. 7 a) was also disassembled for
post-mortem XRD. In contrast to the LFS 0.12 cell, the LFMS 0.24 showed poor di-
mensional stability. Fig. 8 shows the corresponding XRD patterns, including XRD
scans of the fresh electrode materials for comparison. Note that LFS 0.12 was meas-
ured on the Al current collector. Al peaks and an unidentified peak are denoted by
asterisks.
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Figure 8: a) XRD pattern of LFS 0.12 after 300 cycles, at a fully discharged
state, including a pattern of the as prepared sample and hkl positions of the
initial P2;n structure and a inversed Pmn2; structure according to Armstrong et
al. %, b) XRD pattern of LFMS 0.24 after 40 cycles, at a fully discharged state,
including a pattern of the as prepared sample and hkl positions of the initial
P2m and Pmn2; structures.

Both post-cycling scans show a rather poor signal-to-noise ratio, caused by the small
sample amount in addition to a high amorphous fraction resulting from the carbon
coating and additives (Super P and PVDF). Topas suggests the cycled LFS 0.12
sample shown in Fig. 8a), to consist of 80 wt. % inversed By (Pmn2;) and 20 wt. %
as synthesised yvs (P2;n). These numbers have to be handled with caution but clear
evidence for the structural changes can be observed in the region 20 to 25 ° 20. Pro-
nounced Pmn2; 110 and 101 peaks are visible at 21.7 and 22.6 ° 20, respectively.
These two peaks would be of a very minor intensity for a non-inversed Pmn2; struc-
ture, since the corresponding lattice planes offer very limited electron density. Due to
the Fe/Li site reversal however, the electron density and hence the intensity of these
peaks is strongly increased. Further, the peaks at about 33 ° 20 show broadening,
which can be explained by the 210 peak of the inversed structure which is located at
slightly lower angles than the 10-3 30-1 double peak of the initial structure. The re-
mains of a partly non-inversed structure could be explained by the fact that during
cycling only about 0.5-0.6 Li per formula unit were extracted and reinserted. In the
case of LEFMS 0.24, small peaks resembling the initial XRD pattern are still present.
This is in contrast to LisMnSiOy4, where irreversible amorphisation occurs already
upon the first charge. 15,19 However, the pattern of the cycled LEMS 0.24 suggests a
high amorphous content. Further the poor quality does not allow any conclusions to
whether the remaining crystalline fraction still consists of LisFeps;Mng 55104, or a Mn
deficient phase.
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Conclusions

A novel scalable synthesis method is reported. Liquid-feed flame spray pyrolysis with
a subsequent heat treatment in reducing atmosphere is capable of producing large
amounts of electrochemically active, nanosized LisFeSiO4 and LisFeg5Mng5Si04 with
high phase purities. The concentration of the Fe precursor was shown to have a ma-
jor impact on particle growth, and LisFeSiO4 synthesised from a less concentrated
solution showed increased surface area and enhanced electrochemical properties.
LisFeSiOy4 synthesised in this study was indexed to the monoclinic vg polymorph,
while LisFegsMng 55104 was present in a mixture of monoclinic ys and orthorhombic
Bi. The latter reached a discharge capacity of 115 mAhg'1 at a rate of C/20. Hence,
large amounts of both cations undergo a one electron redox reaction. Severe capacity
fading upon cycling was observed, similar to the well-known behaviour of LisMnSiOy,.
Only 40 % of the initial capacity was retained after prolonged cycling. Differential
capacity plots suggest that the redox activity in later cycles is caused solely by the
FeH/Fe3+ redox couple. Mn is believed to either form an electrochemically inert
amorphous phase or dissolve into the electrolyte. Contrary to LioMnSiO4, where an
irreversible amorphisation occurs during the first charge, the solid solution
LisFeg 5sMng 55104 was shown to be at least partly crystalline after prolonged cycling.
This indicates a slightly more stable structure compared to the pure Mn compound.
LisFeSiOy4 on the other hand, was shown to be stable upon prolonged cycling. In this
study, LioFeSiO4 was cycled up to 300 times with more than 90 % capacity retention,
and differential capacity in combination with post cycling XRD suggests a stable sys-
tem. LisFeSiOy4 offered an adequate rate performance with a capacity retention of
over 50% at 5C. At elevated temperatures and a slow rate, the reversible exchange of
up to one Li per Fe was shown. It should be kept in mind that this is the first time
LigFeSiO4 was synthesised by LF-FSP, and the authors believe that optimisation of
the precursors would allow better control of the morphology. That could lead to the
full utilisation of one Li per transition metal at moderate current densities, giving rise
to a quick and scalable synthesis for nanoscale LioFeSiO,4 as cathode for Li-ion batter-
ies.

Acknowledgements

The research council of Norway is gratefully acknowledged for funding of the Silicat-
Batt project (grant number: 216469,/E20).

221



References

(1)

222

Tarascon, J. M.; Armand, M. Issues and Challenges Facing Rechargeable
Lithium Batteries. Nature 2001, /14 (6861), 359-367.

Ellis, B. L.; Lee, K. T.; Nazar, L. F. Positive Electrode Materials for Li-Ion and
Li-Batteries. Chem. Mater. 2010, 22 (3), 691-714.

Nytén, A.; Abouimrane, A.; Armand, M.; Gustafsson, T.; Thomas, J. O.
Electrochemical Performance of LioFeSiO4 as a New Li-Battery Cathode
Material. Electrochem. commun. 2005, 7 (2), 156-160.

Armstrong, A. R.; Kuganathan, N.; Islam, M. S.; Bruce, P. G. Structure and
Lithium Transport Pathways in LisFeSiO4 Cathodes for Lithium Batteries. J.
Am. Chem. Soc. 2011, 133, 13031-13035.

Gummow, R. J.; He, Y. Recent Progress in the Development of Li2MnSiOy4
Cathode Materials. J. Power Sources 2014, 253, 315-331.

Dominko, R.; Bele, M.; Gabers¢ek, M.; Meden, A.; Remskar, M.; Jamnik, J.
Structure and Electrochemical Performance of LisMnSiO4 and LisFeSiOy4 as
Potential Li-Battery Cathode Materials. Electrochem. commun. 2006, 8 (2),
217-222.

Islam, M. S.; Dominko, R.; Masquelier, C.; Sirisopanaporn, C.; Armstrong, A.
R.; Bruce, P. G. Silicate Cathodes for Lithium Batteries: Alternatives to
Phosphates? J. Mater. Chem. 2011, 21, 9811-9818.

Zheng, Z.; Wang, Y.; Zhang, A.; Zhang, T.; Cheng, F.; Tao, Z.; Chen, J.
Porous LisFeSiO4/C Nanocomposite as the Cathode Material of Lithium-Ion
Batteries. J. Power Sources 2012, 198, 229-235.

Zhang, P.; Zheng, Y.; Wu, S. Q.; Zhu, Z. Z.; Yang, Y. Hybrid Density
Functional Investigations of LisMSiOs (M=Mn, Fe and Co) Cathode Materials.
Comput. Mater. Sci. 2014, 83, 45-50.

Zhou, H.; Einarsrud, M. A.; Vullum-Bruer, F. High Capacity Nanostructured
LioFe,Si04/C with Fe Hyperstoichiometry for Li-Ion Batteries. J. Power



(11)

(13)

(15)

(16)

(17)

(19)

Sources 2013, 235, 234-242.

Zhou, H.; Einarsrud, M.-A.; Vullum-Bruer, F. PVA-Assisted Combustion
Synthesis and Characterization of Porous Nanocomposite LioFeSiO4/C. Solid
State Ionics 2012, 225, 585-589.

Zhang, L.; Ni, J.; Wang, W.; Guo, J.; Li, L. 3D Porous Hierarchical
Li2FeSiO4/C for Rechargeable Lithium Batteries. J. Mater. Chem. A 2015, 3
(22), 11782-11786.

Yang, J.; Kang, X.; He, D.; Peng, T.; Hu, L.; Mu, S. Hierarchical Shuttle-like
LisFeSiOy4 as a Highly Efficient Cathode Material for Lithium-Ion Batteries. J.
Power Sources 2013, 242, 171-178.

Muraliganth, T.; Stroukoff, K. R.; Manthiram, A. Microwave-Solvothermal
Synthesis of Nanostructured LisMSiO4/C (M = Mn and Fe) Cathodes for
Lithium-Ion Batteries. Chem. Mater. 2010, 22 (20), 5754-5761.

Dominko, R. LixMSiO4 (M = Fe And/or Mn) Cathode Materials. J. Power
Sources 2008, 184 (2), 462-468.

Wagner, N.; Svensson, A.-M.; Vullum-Bruer, F. Effect of Carbon Content and
Annealing Atmosphere on Phase Purity and Morphology of LisMnSiOy4
Synthesized by a PVA Assisted Sol-gel Method. Solid State Ionics 2015, 2706,
26-32.

Zhang, L.-L.; Duan, S.; Yang, X.-L.; Liang, G.; Huang, Y.-H.; Cao, X.-Z.;
Yang, J.; Li, M.; Croft, M. C.; Lewis, C. Insight into Cobalt-Doping in
LisFeSiO4 Cathode Material for Lithium-Ton Battery. J. Power Sources 2015,
274, 194-202.

Dahbi, M.; Urbonaite, S.; Gustafsson, T. Combustion Synthesis and
Electrochemical Performance of LisFeSiO4/C Cathode Material for Lithium-Ion
Batteries. J. Power Sources 2012, 205, 456—462.

Wagner, N.; Svensson, A.-M.; Vullum-Bruer, F. Liquid Feed Flame Spray
Pyrolysis as Alternative Synthesis for Electrochemically Active Nanosized
LisMnSiOy4. Prep. 2015.

223



(21)

(22)

(25)

(27)

(29)

224

Larsson, P.; Ahuja, R.; Liivat, A.; Thomas, J. O. Structural and
Electrochemical Aspects of Mn Substitution into LisFeSiO4 from DFT
Calculations. Comput. Mater. Sci. 2010, 47 (3), 678-684.

Saracibar, A.; Wang, Z.; Carroll, K. J.; Meng, Y. S.; Dompablo, M. E. A. New
Insights into the Electrochemical Performance of LisMnSiO4X: Effect of
Cationic Substitutions. J. Mater. Chem. A 2015, 3, 6004-6011.

Kokalj, A.; Dominko, R.; Mali, G.; Meden, A.; Gaberscek, M.; Jamnik, J.
Beyond One-Electron Reaction in Li Cathode Materials: Designing LisMnyFe;.
xSi04. Chem. Mater. 2007, 19 (15), 3633-3640.

Girish, H. N.; Shao, G.-Q. Advances in High-Capacity LixMSiO4 (M = Mn, Fe,
Co, Ni...) Cathode Materialfor Lithium-Ion Batteries. RSC' Adv. 2015.

Arroyo-de Dompablo, M. E.; Armand, M.; Tarascon, J. M.; Amador, U. On-
Demand Design of Polyoxianionic ~Cathode Materials Based on
Electronegativity Correlations: An Exploration of the LisMSiO4 System (M =
Fe, Mn, Co, Ni). Electrochem. commun. 2006, 8 (8), 1292-1298.

Wu, S. Q.; Zhu, Z. Z.; Yang, Y.; Hou, Z. F. Structural Stabilities, Electronic
Structures and Lithium Deintercalation in LiyMSiO4 (M = Mn, Fe, Co, Ni): A
GGA and GGA + U Study. Comput. Mater. Sci. 2009, /4 (4), 1243-1251.

Li, Y.-X.; Gong, Z.-L.; Yang, Y. Synthesis and Characterization of
LixMnSiO4/C Nanocomposite Cathode Material for Lithium Ion Batteries. J.
Power Sources 2007, 174 (2), 528-532.

Sato, M.; Ishigaki, T.; Uematsu, K.; Toda, K.; Okawa, H. Redetermination of
the Low-Temperature Polymorph of LisMnSiO4 from Single-Crystal X-Ray
Data. Acta Crystallogr. Sect. E Struct. Reports Online 2012, 68 (9), i68-169.

Shannon, R. D. Revised Effective Ionic Radii and Systematic Studies of
Interatomie Distances in Halides and Chaleogenides. Acta Crystallogr. 1976,
A32, T51-767.

Terayama, K.; Ikeda, M. Study on Thermal Decomposition of MnO: and
Mn304 by Thermal Analysis. Trans. Japan Inst. Met. 1983, 24 (11), 754-758.



(31)

(32)

(33)

(35)

(37)

Nyten, A.; Stjerndahl, M.; Rensmo, H.; Sieghahn, H.; Armand, M.; Gustafsson,
T.; Edstrom, K.; Thomas, J. O. Surface Characterization and Stability
Phenomena in LipFeSiO4 Studied by PES/XPS. J. Mater. Chem. 2006, 16
(34), 3483.

Wagner, N.; Dalod, A.; Svensson, A.; Vullum-Bruer, F. Fe and V Substituted
LisMnSiO4/C as Potential Cathode Material for Li-Ion Batteries. ECS Trans.
2015, 64 (22), 33-45.

Liivat, A. Structural Changes on Cycling Li»FeSiO4 Polymorphs from DFT
Calculations. Solid State Ionics 2012, 228, 19-24.

Wang, M.; Yang, M.; Ma, L.; Shen, X.; Zhang, X. Structural Evolution and
Electrochemical Performance of LisMnSiO4/C Nanocomposite as Cathode
Material for Li-Ion Batteries. J. Nanomater. 2014, 2014, 1-6.

Sun, D.; Wang, H.; Ding, P.; Zhou, N.; Huang, X.; Tan, S.; Tang, Y. In-Situ
Synthesis of Carbon Coated LisMnSiO4 Nanoparticles with High Rate
Performance. J. Power Sources 2013, 2/2, 865-871.

Wang, F.; Chen, J.; Wang, C.; Yi, B. Fast Sol-Gel Synthesis of Mesoporous
LisMnSiO4/C Nanocomposite with Improved Electrochemical Performance for
Lithium-Ion Batteries. J. Electroanal. Chem. 2013, 688, 123-129.

Shao, B.; Abe, Y.; Taniguchi, I. Synthesis and Electrochemical
Characterization of LisFeMn; Si04/C (0§x§).8) Nanocomposite Cathode for
Lithium-Ion Batteries. Powder Technol. 2013, 235, 1-8.

Deng, C.; Zhang, S.; Yang, S. Y. Effect of Mn Substitution on the Structural,
Morphological and Electrochemical Behaviors of LisFe;«MnySiO4 Synthesized
via Citric Acid Assisted Sol-Gel Method. J. Alloys Compd. 2009, 487 (1-2),
18-23.

225



226



Appendix

227



228



Appendix A

Supporting Material Paper I

—— LMS dried gel
I LiINO3 PDF 00-004-0378
I Mn203 PDF-00-041-1442
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Figure A.1: Powder XRD pattern of dried gel aged for 72 h.

229



I L2503 PDF 00-029-0828

I MinO2 PDF 00-042-1169

I Min203 PDF-00-041-1442

I Li1.27 Mn1.73 O4 PDF 00-051-1582

—— LINO3 based precursor 450 deg air

—— LiNO3 based precursor 450 deg forming gas

Calcined for 1h at 450 °C

Intensity [a.u.]
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Figure A.2: Powder XRD pattern of calcined LMS precursor.
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Figure A.3: HKL planes of Pmn2; LioMnSiO,.
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[—— LMS + 5% starch|
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Figure A.4: Pmnb polymorph, Mn,SiO, and MnO secondary phases in LMS
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Li,MnSiO, 0% corn-starch

containing 5 wt-% corn-starch.

Charge rate: 10 mA/g
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Figure A.5: Galvanostatic cycling of LMS cathodes a) without corn-starch as

carbon source b) with 5 wt. % corn-starch as carbon source.
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Supporting Material Paper IV

x Li,CO, Li,MnSiO, as pyrolyzed
oLi_MnoO,
(o] LiMI’]O2 o

o

0 MnO,
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Figure B.1: XRD pattern of a LMS sample after flame spray pyrolysis without

any further annealing.
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Figure B.2: XRD patterns of LMS @ Xylene heat treated at 650 °C with
different dwell time. Pmn2; and MnO bragg reflections are indicated by the cyan

and pink bars respectively.
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Dataset B.1: Rietveld refinements, lattice parameters and atomic positions in-
cluding Mn occupancy of orthorhombic Pmn2; LMS @ Xylene, LM0.94S @ Xy-
lene and LMO0.91S @ Xylene.

Intensity [a.u.]

Intensity [a.u.]

LMS @ Xylene

Rwp: 8.79
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97 wt. % Li,MnSiO,
3 wt. % MnO

Observed
Calculated
—— Background
F
I Pmn2 .

I MnO

[ IIII I| aul IIIIIIII‘IIII I IIIIIIIIII IIIIIIIIIIIIIF IIIIIII‘III'IIIIIIIIII II|IIIII ] III|II [ ]
20 30 40 50 60 70 80 90 100 110 120 130 140
Position 20 [°]
LM0.94S @ Xylene
RV(\S?:Z 8.7 99 wt. % Li,MnSiO, Observed
: 1 wt. % MnO Calculated
—— Background
Difference
[ Pmn21
I MnO

[ T | III I| (AR IIIIIIII‘IIII I IIIIIIIIIII IIIIIIIIIIII! IIIIIII‘III'IIIIIIIIII II|IIIIIIIIII|II i

20

30

40

50

60 70 80 90 100 110 120 130 140

Position 26 [°]

235



LM0.91S @ Xylene

Rwp: 8.942 96.5 wt. % Li,MnSiO, - Observed
GOF : 1.23. 1.5 wt. % MnO Calculated
2 wt. % LiSiO ~ Background
2773 Difference
[ Pmn21

I MnO
Li,Sio,

Intensity [a.u.]
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Lattice parameters and atomic coordinates of the xylene assisted LMS samples.

Sample A[A] B[A] C[A]

LMS @ Xylene 6.3111 5.3834 4.9692

LMO0.94S @ Xylene 6.3127 5.3830 4.9698

LMS0.91 @ Xylene 6.3094 5.3849 4.9654

Lattice parameters of the three xylene assisted LMS samples

Site X y z Atom___ Occ.

Li 0.2382 0.3398 0.8540 Li" 0.9863

Mn on Li 0.2382 0.3398 0.8540 Mn?* 0.0137

Mn 0.5000 0.8329 0.8939 Mn®  0.7053' 0.717*
0.7447°

Si 0.0000 0.8198 -0.0835 Si** 1

o1 0.2177 0.6688 0.8042 o* 1

02 0.0000 0.1260 0.8422 o* 1

03 0.5000 0.1699 0.7545 0> 1

Atomic coordinates and occupancies of LMS
"Refiened Mn occ. of LMS @ Xylene
*Refiened Mn occ. of LMS 0.94 @ Xylene

3Refiened Mn occ. of LMS 0.91 @ Xylene
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Figure B.3: Crystal structure of LMS based on the refined data of LIMO0.94S @
Xylene roughly along the a direction b) Illustration of the octahedral interstitial
positions which could be partly occupied by Mn and cause fitting mismatches by

artificial hydrogen atoms.

PE coated Al
pouch material
Negative terminal

(Cu foil)
__ Positive terminal
(Al foil)
Li anode
Celgard 2400 Cathode on Al current collector
Separator soaked covered with electrolyte
in electrolyte

Figure B.4: Scheme of the in situ XRD pouch cell.
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Figure B.5: Photograph of the in situ XRD set up.
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