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Effect of annealing atmosphere on LiMn;0, for thin film Li-ion
Batteries from aqueous Chemical Solution Deposition.

G. Maino,? J. D’Haen®, F. Mattelaer, C. Detavernier®, A. Hardy®® and M. K. Van Bael®¢

In this study we demonstrate and explain the direct relation between precursor chemistry and phase formation of LiMn204
powders and thin films from aqueous chemical solution deposition (CSD). The processing conditions applied to transform
the precursor into the LiMn.0a4 phase, are investigated with a focus on the heating atmosphere and temperature. We
found that the Mn?* ions, used as a start product, already partially oxidizes into Mn3*/Mn** in the precursor solution. The
Mn3* ions present in the gel or the dried film are extremely sensitive to O, leading to fast oxidation towards Mn#. Here,
we suggest that the oxygen, introduced in the precursor solution by the citrate complexing agent, suffices to oxidize the
Mn?* into Mn3*/Mn* which is crucial in the formation of phase pure spinel and stoichiometric LiMn20s. Any additional
oxygen, available as Oz during the final processing, should be avoided as it leads to a further oxidation of the remaining
Mn3 into Mn* and to the formation of the y-Mn,Os and A-MnO: secondary phases. Based on these insights, the
preparation of phase pure, spinel and stoichiometric LiMn204 in a N2 ambient was achieved both in powders and films.
Moreover, the study of the precursor chemistry and final anneal leads to the possibility of reducing the final temperature
to 450°C, enabling the use of temperature and oxidation sensitive current collectors such as TiN. This inert ambient and
low temperature processing of LiMn.04 provides the opportunity to have large flexibility and compatibility with process
conditions for other materials in the thin film battery stack, without undesired oxidations.

Introduction

Portable / mobile electronics are indispensable in modern
society. Continuous innovations increase their functionality,
reduce size and weight, though at an increasing energy
demand. Therefore, the development of improved,
rechargeable batteries is simultaneously essential as well. The
current generation of rechargeable batteries is dominated by
powder based Li-ion technology, containing a cathode
material, a separator that is soaked in electrolyte and an
anode material. The electrolyte consists of a Li* salt dissolved
in an organic liquid. The liquid electrolyte poses inherent risks,
such as leakage and flammability. This leads to several
restrictions in battery design and size. Thin film micro batteries
emerged as valuable alternatives to these powder based
batteries, and offer new opportunities: miniaturization and
higher design flexibility. In addition, thin film micro batteries
provide higher power and capacity and enhanced Li-ion
conductivity=4. Additionally, thin film micro batteries allow the
use of solid electrolytes, yielding an all-solid-state Li-ion
battery, removing the safety hazard, since no flammable
solvents are present in this solid electrolyte. The thin film
design prevents a large resistance over the electrolyte layer, as
most solid electrolytes suffer from lower Li-ion conductivity
compared to liquid electrolytes>®.

All-solid-state Li-ion batteries eliminate the risk of leakage and
open up other possibilities also in the medical field, e.g. power
sources for safer and smaller medical implants.

LiMn,04 (LMO) emerges as the preferred cathode material for
all-solid-state Li-ion batteries, because of its high energy
density at high voltages (4 V region), as well as its high rate
performance due to its 3D framework crystal structure?. A
variety of cathode materials have been recently explored in
literature, starting from LiCoO,, LiNiO;, reaching the

manganese based doped ones, so called “blended”, such as
LiNioAgCOoAlsAlvosoz (NCA), LiNi1/3MI’11/3C01/3Oz (NMC) Among
these cathode materials, LMO is thermally the most stable
candidate. In fact, LMO exhibits the highest onset temperature
(240°C) for exothermal processes, such as organic
decomposition and releases a minimum amount of heat when
charged up to 4.3V.8 Additionally, LMO is advantageous due to
its low cost, resource abundance, non-toxicity?, compared to
the Co based materials. Although the blended cathodes exhibit
a more balanced set of properties, due to obvious averaging of
the materials characteristics, the effects of the blending are
not straightforward. Complex interactions can be expected
during the synthesis, deposition and during testing at relatively
high operational rates. Un-doped LMO remains in fact, still a
good alternative with comparable performances®. Various
strategies are available for improving the cyclability and the
thermostability of LMO-based batteries, confirming the wide
interest in this material.1l Currently, LMO films are prepared
by high-cost, vacuum based methods such as sputtering,
electron beam evaporation, pulsed-laser deposition and
chemical vapor deposition?-1°. Besides the high cost of these
methods, they also suffer from limited stoichiometric control
and long deposition times.

Chemical Solution Deposition (CSD)2%21 routes are widely
considered as an alternative to the vacuum based routes due
to their low cost, simple experimental setup and high
deposition rate?2. Even epitaxial layers can be achieved via
advantageous solutions routes using metalorganic precursors
on different specific single crystals substrates23-25,
Furthermore, CSD offers a good control over the homogeneity,
stoichiometry, crystallinity, density and microstructure?26,
Nevertheless, in order to prepare LMO thin films via CSD, at
least two requirements should be fulfilled: (i) intimate mixing
of Mn2* and Li* should take place and (ii) phase segregation,



e.g. by formation and precipitation of polyanionic manganates
or Mn(OH);27 should be prevented. To meet these
requirements, both ions are stabilized using a citrato complex.
After deposition, the precursor gel-film is converted into the
desired, crystalline LiMn;04 through a series of thermal steps.
During these thermal steps, (i) the network of citrato
complexes, which is crucial to allow the deposition and to
ensure an intimate mixing of the Mn?* and Li* ions, must be
decomposed into volatile species, (ii) the oxide formation
should take place and (iii) the crystallization of the desired
spinel phase should occur. Because the decomposition and
crystallization reactions take place during the calcination
treatment, the annealing parameters (such as temperature,
time and ambient) wherein these processes take place
severely influence the quality of the obtained films.

Different studies have already highlighted the influence of
annealing temperature on LMO thin films morphological and
electrochemical properties. Park and co-workers?82° presented
studies on synthesis of acetylacetonates based precursor in 1-
buthanol, in which they show the precursor decomposition
starting from 230°C and continuing up to higher temperatures
(i.e., above 400°C), where the rest of the organic materials can
be easily and totally eliminated. After a drying step, the best
conditions reported to obtain dense and relatively smooth film
surface were 750°C for 10 mins in oxygen atmosphere. Ikuhara
et al. conducted a study on precursor derived LiMn;O4 thin
films24, starting from isopropoxide and ethoxyethoxide
precursors in 2-ethoxyethanol. They studied the crystallite size
and orientation and show the possibility to obtain powders
with heat treatment at low temperature and short period of
time, without secondary phases (crystallization step up to 200-
700°C for 3h in oxygen)30.

However, the use of oxygen atmosphere during post-anneal
can lead to undesired oxidations both of the material itself,
since Mn is very sensitive to oxidative conditions and its
valence states are mutable, and the substrate chosen.

Previous groups that highlighted the atmosphere impact on
the formation of phase pure and stoichiometric LiMn;0,
powder based cathodes, synthesized by solid state reaction,
are Nakamura’s3! and Strobel’s32. Nakamura and co-workers3!
studied the effect of a low-temperature post-annealing (400°C
for 20h) under various oxygen pressures of Li-Mn spinel oxide
particles, that were oxygen deficient after a high temperature
(850°C for 10h) solid state synthesis. It was found that the
crystallinity and the performance of the material depend
mainly on the oxygen stoichiometry. More specifically for the
fixed Li/Mn molar ratio of 1:2, the lattice parameter of the
cubic spinel decreased from 0.825 nm to 0.822 nm, with an
increase in the oxygen pressure from 0 to 5 atm during
annealing. This effect was ascribed to an increase in the
average manganese valence (since the ionic radius of Mn#* is
smaller than that of Mn3*), which only occurs assuming the
presence of oxygen vacancies in the as synthesized spinel
phase. Moreover, the Li/Mn spinel oxide with a high average
valence of Mn ions was found to have a minor variation in the

oxidation state and a small stoichiometry change with

preparation conditions, while the one with a lower average
valence of Mn ions close to 3.5, is very sensitive to the
preparation conditions. Strobel et al.32 also studied the effect
of post-annealing conditions of Li/Mn spinel particles,
prepared by a solid state reaction at high temperature. During
annealing in oxidizing conditions, they observed the formation
of trivalent manganese oxide Mn,03 secondary phases. The
mechanism they propose, does not require the postulation of
oxygen vacancies in the pristine material. Indeed, they found
proof for a disproportionation of the stoichiometric LiMn,04
into a spinel with higher manganese valence that is
compensated by the formation of the trivalent Mn,0s. In this
context, the purpose of this paper is the in depth analysis of
this material sensitivity and instability both on powders and
films deposited via CSD, with emphasis on the atmosphere
influence. The synthesis route proposed is fast and water
based, excluding organic solvents, such as 2-methoxyethanol,
2-ethoxyethanol, 1-buthanol or ethanol. Both metal precursors
are nitrates based, which have the advantage to decompose at
lower temperature, because of the presence of very oxidizing
NOs- groups. Those groups are in fact active towards oxidative
decomposition of citric acid. This results in relatively low
calcination temperature (450°C) within a short time (1h),
avoiding the formation of other manganese oxidation-state
compounds as impurity, as would have been promoted by the use
of acetate salts containing carbon33,

Experimental

Synthesis and characterization of the aqueous citrato-Mn2*,
Li* precursor solution

The synthesis of the CSD precursor solution is schematized in
Fig S1.

Manganese nitrate tetrahydrate (Mn(NOs);.4H,0, =99 %,
Sigma-Aldrich) is dissolved in water (0.2 M) while stirring.
Next, citric acid (CeHsO7, 299 %, Sigma-Aldrich) is added, in a
citrate:Mn?* molar ratio of 3:1. In parallel, lithium nitrate
(LINOs, 298 %, Sigma-Aldrich) is dissolved in water while
stirring to obtain an aqueous Li* solution (0.1 M). Both
solutions are mixed with a Mn?2*: Li* molar ratio 2:1. Ammonia
(NHs, 32 % aqueous solution, Merck) is added to this mixture
until a pH of 7 is reached (pH-Electrode, Sentix 60, 3 M KClI).
Finally, the prepared solution is diluted with water to obtain an
aqueous citrato-Mn?*, Li* precursor solution with Mn and Li
concentrations of 0.2 M and 0.1 M, respectively. The
concentrations are determined by means of inductively
coupled plasma-atomic emission spectroscopy (ICP-AES, Perkin
Elmer, Optima 3300 DV)34-39,

Powder preparation and characterization

The precursor solution is dried overnight (air flow furnace, 60
°C) to obtain a gel powder for further analyses. Thermal
decomposition of the dried precursor powder is examined by
means of thermogravimetric (TGA) analysis, on-line coupled



with a differential scanning calorimetry (DSC) instrument. The
thermogravimetric analyses are carried out in O; or Ny, at a
heating rate of 10°C min! from room temperature to 600°C.
The TG-DSC is performed on a Q600, TA Instrument (+3 mg of
sample with a gas flow of 100 mL.min-1) coupled with a Pfeiffer
Vacuum ThermoStarTM MS.

To form the oxide, the precursor powder is calcined in a tube
furnace at 450 or 800 °C for 1 or 3 hours with a continuous O,
or Ny flow (100 mL-min-1), with a heating rate of 10°C min-
starting from room temperature. The precursor and thermally
treated powders are characterized by (i) Fourier transform
infra-red (FTIR) spectroscopy on a Bruker, Vertex 70 (32 scans,
4 cm1 resolution) dispersed in KBr pellets (1 wt %), (ii) Bruker
AXS D8 diffractometer, equipped with a Goébel mirror (line
focus, mostly Cu k, radiation). The diffractograms are recorded
by a one-dimensional lynxeye detector. (iii) Raman
spectroscopy on a Horiba Jobin Yvon micro-Raman (T64000)
using a 488 nm laser (LEXEL 95 SHG) operating at 200 mW and
(iv) Transmission electron microscopy (TEM) on FEI Microscope
(Tecnai G2 Spirit Twin) operating at 120 kV, using the
brightfield imaging mode. The samples for TEM are prepared
by drying a few drops of a suspension of the synthesized
powder in methanol on a holey carbon grid in ambient
conditions under an IR lamp.

Film preparation and characterization

For this study two types of substrates are used: (i) Si substrates
with a native SiO, surface (+2.5cm*2.5cm) and (i) Pt
substrates (80nm PVD Pt, on top of 40nm PVD TiN as lithium
barrier and adhesion layer for the Pt)#0. Before deposition, all
substrates are treated in a UV-O3 chamber at 80 °C (Novascan
PSD Pro Series) for 40 min. The aqueous citrato-Mn2*, Li*
precursor solution is deposited by spincoating (at a rotation
speed of 3000 rpm, 30 s, with an acceleration of 1000 rpm-s-1).
The as deposited layers are heated/calcined in a tube furnace
at 450 or 800°C, with a heating rate of 10°C:min-l. The
isothermal period is varied between 1 and 3 hours. As ambient
gas oxygen (02, 99,999%) or nitrogen (N, 99,999%) are
chosen, with a 100 ml-min-! flow. Due to the shape of the
furnaces the setup is not fully airtight allowing, possibly, some
minor traces of O,.

The prepared films, 100nm thick, are analyzed by Raman
spectroscopy on a Horiba Jobin Yvon micro-Raman (T64000)
using a 488 nm laser (LEXEL 95 SHG) operating at 200 mW.
Grazing angle attenuated total reflectance-Fourier transform
infrared (GATR-FTIR) spectroscopy is also performed on the
films, using a 65° single reflection Ge-ATR (Harrick) crystal,
placed inside the sample compartment of a FTIR spectrometer
(Bruker, Vertex 70, 32 scans, 4 cm! resolution). Crystallization
behavior is studied by characterization of non-annealed
samples by means of in-situ XRD (Bruker D8 Discover with
experimental heating chamber)4.42, using 0.2 °C/s heating rate
and O, or He flow. The films deposited on Pt/TiN/SiO,/Si
substrate?? are electrochemically tested as working electrodes
in a galvanic cell, with lithium foils (Sigma, 1.5mm thick, 99%
trace metal basis) as counter and reference electrodes. The

potentiostat used is Autolab PGSTAT128N. The electrolyte is a
1 M LiClOs/propylene carbon 1:2 solution. The cyclic
voltammetry tests are carried out in Ar atmosphere in a
Sylatech Environmental Chamber Glovebox. The film’s
morphology and thickness are visualized via scanning electron
microscopy (SEM, FElI Quanta 200F), using the secondary
electrons imaging mode, in a top-down and cross-sectional
geometry, respectively.

Results and Discussion

To determine the influence of the ambient wherein the oxide
formation takes place, the thermal decomposition pathway of
the precursor gel is compared. Furthermore the LiMn,04 oxide
formation and crystallization, and the electrochemical
performances after processing in an oxidative (O;) versus an
inert (N2) atmosphere are examined.

Thermal decomposition pathway of the citrato-Mn2*, Li*
precursor gel
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Figure 1: TGA (Mass%) and DSC (Heat flow) analysis of the dried
citrate-Mn?*,Li* precursor gel. The analyses are performed in O; (solid
line) and N (dashed line).

The thermal decomposition pathway of the precursor gel is
studied in O; and N, by TGA-DTG (Fig. S2) and TGA-DSC (Fig. 1).
In both conditions, the weight loss occurs through a sequence

of steps.

Up to 190°C the thermal decomposition pathway is very
similar in O2 and N,. In the first part, a small weight loss is
observed around 100°C, which is ascribed to the evaporation
of residual water from the precursor gel.

The first major decomposition steps occur between 175 °C and
250 °C during which mass fragments of NH3*,0OH*, H,O*, NH4*
and CO,* were observed via mass spectrometry (Fig. S2).
These fragments are assigned to the evolution of NH3, H,0 and
CO; and result from the decomposition of the excess of
ammonium citrate into carboxylic acid groups and their
subsequent decarboxylation, and the dehydroxylation of
citrate’s a-hydroxyl functionality43-45. Since these
decompositions are endothermic, as indicated by the negative
heat flow (with respect to its background level), and similarly
occur in both atmospheres, they are non-oxidative
decomposition reactions of the precursor’. Although the mass



fragments evolved are the same in both atmospheres, after
190°C the precursors underwent different chemical processes.
The precursor analyzed in O, was subjected to a thermo-
oxidative degradation, forming volatile radicals that evolve
immediately after reacting with O,. Fragments related to NO*,
C2H6+, H,N=CHy* (m/z 30), HNCO*', CoHs* (m/z 43), C02+', HaN-
C=0%, C3Hg* (m/z 44), evolve at lower temperatures (see Fig.
S3(a-i)) in Oz, and this might cause also the presence of a peak
in the TGA-DTG (Fig. S2) at 190°C and the related mass loss.
The precursor analyzed in N3 because of the inert
atmosphere, is subjected only of thermal degradation, which
can cause the formation of less volatile species and
termination the radicals Those
intermediate compounds degrade at higher temperatures in
N2, and this may cause the mass retention from 190°C up to
300°C. Their degradation partially continues around 300°C,
where an exothermic peak can be noted in both atmospheres.
From the TGA-DTG (Fig.S2) a difference can be seen in peak
position and shape in this temperature region, and because of
the different thermal processes involved in the two
atmospheres, this is due to the different nature of the organic
species left in the samples.

From 320°C onwards a clear difference is observed between
the pathway in O, and N;. In O, a major weight loss is seen
between 430°C and 460°C with its decomposition rate
maximum at 440 °C in the DSC curve (Fig.1). This weight loss is
associated with a positive heat flow and does not occur in N,
suggesting that oxidative and exothermic processes occur in
this temperature region. This decomposition step goes along
with the LiMn,0,4 phase formation, as seen in Raman (Fig.5)4¢~
48 and results in a final mass of just above 10%, assigned to the
LiMn,04 phase. Between 460 and 600 °C, no further weight
loss or exothermic signal is observed in N, leading to a final
material with just above 30% residual mass (possibly about
10% final oxide and 20% of charred carbon left).

Based on the TGA analyses 450°C was chosen as the
calcination temperature for the powders and films.

reactions of involved.

LiMn,O, oxide and spinel phase formation from the citrato-
Mn?2*, Li* precursor gel at 450°C

After calcining the precursor gels for 1h in N, and O, at 450°C,
the powders are analyzed by means of Fourier Transform
Infrared Spectroscopy.
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Table 1: Peak assignment of the powders obtained at 450°C for 1h in

02 and Na.

Wavenumber N, ambient O, ambient Vibrations Assignment
1583 cmr? 1605 1605 v,s(CO;y) with NH,*
1500 cm! 1499 X v,(CO3¥)in Li,CO;
1398 cm'! 1398 X v(C=0) in COO- or CO;% in Li,CO.
1384 cm! 1385 1385 S(NH)in NH]

1250 cmt 1261 1261 v(C-N) in -CONHR
1100em™? 1094 1094 v(C-0) in C-OH

1000 cm! 1018 1018 v(C-0) in C-OH

880 cm! 869 X Vout ofplane bead(CO3%) in Li;CO;
815cm! 810 810 v(N-0) in RO-N=0
613 cm! 610 613 v(O-Mn(IV)-0)

514 cm! 509 510 v(O-Mn(II)-O)

The FTIR absorption between 613 and 514 cm-! is attributed to
the stretching modes of the Mn-O bonds, present in either
MnOg or MnO4 groups, mostly assigned to MnOg*-52, i.e., the
stretching of O—Mn#*—0 and Mn3+-033, possibly of the spinel
LiMn;04 phase. This indicates that the oxide is formed both in
N2 and O, although the stretching at 514 cm is assigned to
Mn3*-0O (which is present in the desired LMO phase), while the
stretching at 613 cm is assigned to Mn4+-O (which can be due
to the presence of undesired Mn#** secondary phases) as
confirmed by XRD (Fig.3) further on. Because of the missing
combustion step at 4502C, the powder annealed in N, contains
more organic residues, as expected from the TGA-DSC curve
(Fig.1). The FTIR results for N, anneal indeed show vibrations
of groups from the precursor complex (C-O in C-OH, amides
and nitrates) (Table.1) and the presence of carbonates (CO3?),
due to the possible presence of lithium carbonate from the
aging of the powders in air>*35, This compound is previously
reported in other Li metal oxides, such as LiCoO; 5457, Similar
powders were analyzed via XRD to study the different oxide
formation at 450 °Cin O versus N,.
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Figure 3: XRD of powders obtained at 450°C for 1h in N> and O versus
XRD of commercial MnO; powder. Arrow represents LiMn:04 face
centered cubic spinel phase (JCPDS 89-0117), square represents
gamma Mn Oz tetragonal (JCPDS 06-0540), star represent commercial

MnO: powder (confirmed by JCPDS 50-0866) triangle represents MnO



face centered cubic (JCPDS 75-0626), diamond represents Li2MnOs base

centered monoclinic (JCPDS 84-1634)
The XRD pattern in Fig.3 shows the main peaks of the LMO
phase (peaks indexed with (111), (311), (222), (400), (331),
(511) are clearly visible) for powder annealed in N,. In samples
annealed in O,, similar diffractions peaks are present for the
LMO phase, but also possible phase segregation is shown.
Indeed, peaks indexed with (111), (202), (221), (203), (204),
(510) suggest the formation of y-Mn;03 in tetragonal phase.
This phase may have been formed by disproportionation of the
initial Mn3->* (average oxidation state) present in LMO into
Mn3* and Mn3-5+5, following the mechanism posed by Strobel3?,
with the difference that here the disproportionation occurs
already during the formation of the spinel phase, and not
after. A small fraction of MnO and Li,MnOs is also observed,
possibly due to the instability of the cubic spinel. No secondary
MnO; phase is observed, as confirmed by the comparison with
MnQO, commercial powder. Raman spectra are recorded to give
further insights based on the vibration modes of Mn3*/Mn*-0O
chemical bonds after heat treatment at 450°C. These features could
allow detecting the presence of Mn** species (such as MnO,) which
are not necessarily seen in the XRD patterns, for instance in case
thev are amornhous.
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Figure 4: Raman spectra of powders obtained at 450°C for 1h in N> and
0:
Table 2: Deconvolution and Peak assignment>®>° of the Raman spectra
of powders obtained at 450°C for 1h in N> and O..

Wa (em™) W ber (cmr) Species
Legend Vibrarional Modes
in Nz ambient in Oz ambient Involved
Red 643 600 Ajg Mn-O in MnOgy
Blue 478 497 Fo,(2) Mn-O in MnOg
Li-O connected to
Magenta 382 X Fa(3) the tetrahedral

cation movements

The LiMn,04 spinel exhibits a cubic structure, with space group
Fd3m (O7;). In this structure, the anions occupy Csy sites (32e
Wyckoff position), Li atoms are located on tetrahedral sites of
T¢ symmetry and Mn atoms on octahedral sites of Dsqg
symmetry®°,

A common feature in the Raman spectra of the two samples is
the presence of a strong band around 600 cm-1and a group of
bands between 200 and 500 cm-! with weaker intensity.

In spinel LMO and in other manganese oxides, wavenumbers
of 500-600 cm are often assigned as characteristic of
vibrations involving motion of oxygen atoms inside the

octahedral MnOg unitfl. So, peaks observed here between 613
and 514 cml(red and blue in Fig.4 and Table.2) were
attributed to the stretching modes of the MnQOg based on
these previous studies taken from literature>1,52,61,62,

The spectra of the samples annealed in N, and O, show two
large differences: peak broadness and peak position. The first
can have different explanations: i) grain size, ii) presence of
secondary phases, iii) amorphous phases®l. i) The broadening
is not due to the size of the crystallites, which is similar in both
cases as demonstrated by TEM micrographs of the same
thermally treated precursor gels, shown in (Fig.S4).

The precursor gel calcined at 450°C in O, results in crystalline
particles, generally adopted for spinel LiMn;04%3-%5. The powder
obtained at 450 °C in N, shows also similar shaped particles,
immersed in an amorphous organic matrix. The organic nature of
that matrix is previously studied by FTIR (Fig.2). Nevertheless this
powder shows crystallites after a heat treatment in inert
atmosphere, suggesting that no additional oxygen is required to
oxidize and crystallize the spinel phase (see also Fig.3) from this
precursor system (containing the specific precursor chemistry,
solvents and chelating agents). The size of the crystallites after
treatment in either O, or N, is quite similar (150 nm — 200 nm),
which confirms that the broadness of the Raman peaks is not due to
different crystallite sizes. ii) From the XRD in Fig.3 different
secondary phases are present in sample annealed in O,. y-
Mn,05%6, Li,Mn03%7, MnO®% also show Mn-O vibrations in a
similar range (around 600cm™), which can indeed have an
effect on the broadening of the peak. iii) Raman vyields a
complete and reliable description of materials such as the
manganese oxides, because it is also sensitive towards amorphous
components and materials where crystalline disorder may be
expected®?,

The shoulder appears also to shift towards lower wavelength.
Regarding this shift, several studies suggest®85° that the
intensity of the Raman shoulder at 600 cm™! is closely related to the
manganese average oxidation state in the spinel phase. Because the
intensity of this shoulder is very sensitive to the lithium
stoichiometry and therefore manganese oxidation state, it might
originate mainly from the Mn*—0 vibration®°,

As studied by Julien et al.’9, the comparison of the Raman
spectra of LiMn,0, and different Mn** compounds shows a
shift towards different wavenumbers when Li* is added to the
crystal structure. More specifically, in case of A-MnO;, the
wavenumber of the F,z modes is expected to increase, while
the wavenumber of the A1z mode is predicted to decrease.

As can be seen in Table 2, the peak of the F,; modes located at
478 cm in the sample heated in N, shifts towards higher
wavenumber (497 cm) in sample treated in O,, and the peak
of the Ajg located at 643 cm™ in sample treated in N, shifts
towards lower wavenumber (600 cm) in sample calcined in
0,, as expected from Julien et al. experimental finding’°. It can
be assumed that the treatment in O, leads to the oxidation of
the Mn-ions with an average oxidation state of +3.5 (required
for LMO) to +4, as would be corroborated by the presence of
tetravalent manganese oxides, e.g. A-MnO.,.

These Mn-OV phases were not detected by XRD (Fig.3), which
still does not exclude their presence, if they are amorphous.



For the same reason, all the peaks in the Raman spectra of the
powders treated in O, present a shift compared to the
spectrum of pristine A-MnO,. The Fy (3) mode at 382 cm™! due
to the Li-O vibration is absent in the Raman spectrum of the
powder treated in O, like for the fully delithiated A-MnO;
phase.

So far, the crystallization of LMO powder at relatively low
temperature (450°C) in inert atmosphere is shown. This leads
to the hypothesis that no external O, needs to be provided
during the calcination. In this conditions, powders show phase
segregation in the XRD (Fig.3), broadening in the Raman peak
(Fig.4) due to several factors already explained and a shift in
the latter which can be possibly assigned to the presence of
Mn#** species (such as A-MnQO3), not yet crystalline due to the
low annealing temperature.

Preparation of crystalline, spinel LiMn;O, films on non-
conductive (SiO;) substrates at 450°C

The insights obtained with the formation of powder LMO from
the aqueous precursor system, are used to aid in the
understanding of the phase formation of LiMn,04 as a thin film
cathode for an all solid-state Li-ion battery. For this purpose,
the precursor solution is spin coated on two different
substrates: SiO,/Si and platinized Si. The SiO, was chosen due
to cost, thermal stability and chemical inertness towards
manganese oxides’! and the study of the phase formation on
SiO; is intended to understand the difference between a
thermal treatment in O, and N, in the oxide formation,
crystallization and morphology of the obtained films. The
optimized processing is subsequently transferred to Pt, with
similar  films features in the studied conditions
(Fig.S5,56,57,5S8), for the evaluation of the electrochemical
activity of the obtained spinel LiMn,0, film. The Pt substrates
have a 40 nm thick TiN buffer layer to prevent lithium diffusion
into the Si72.

In-situ XRD on spincoated films is carried out, to analyze in situ
their crystallization behavior in both O, and N, atmospheres
(Fig.S9). Other LMO in-situ XRD studies were already done for
different purposes’3-75. The onset of crystallization into the
spinel LiMn,04 is observed at 360 °C and 400 °C in O3 and N,
respectively, by the appearance of its (111) reflection at a 26
value of 18,8°. This result is comparable with the XRD on
powders shown in Fig.3. As the temperature increases, the
amount of crystalline material increases as well, as is observed
by the increase in the intensity of the diffraction peaks. The
amount of crystalline material can suggest more pronounced
crystallization in inert atmosphere.

Residual organic and inorganic compounds present in the films
are analyzed by GATR-FTIR spectroscopy (Fig.5).
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Figure 5: a) GATR-FTIR spectra of spincoated films on Si substrate,
treated at 450°C for 1h in Oz: and N3, b) inset enlargement of the
central region
Table 3: Peak assignment of films annealed at 4502C for 1h in O; and

N2
N, 0,
Wavenumber Vibrations Assignment
ambient ambient
Rotational fine structure
1750-1450 em-! 1604 1604
of gaseous H,O
1250 cm! 1195 X v(C-N) in -CONHR
1100 cm! 1120 X v(C-0) in C-OH
880cm! 870 870 Vour of plane bend(CO37)
810cm! 790 790 v(N-0) in RO-N=0
622cm! 650 650 v(O-Mn-O)

Films calcined in both N, and O, show few organic residues
(mostly due to citric acid decomposition and presence of
water)’6, but carbonates (COs%) are also observed, due to
lithium carbonate presence. The latter is possibly due to the
same aging process assumed for powders (Fig.2)>%35.

By comparing both spectra (Fig.5b), it can be observed that
more organics are removed during the processing in O3, while
in films heated in N, stretching absorptions of —-CONHR (1250
cm1) and —COH (1100 cm?) are still present. The spectrum of
the film treated in N, is dominated by strong absorption bands
at 650 cm™, assigned to the stretching mode of Mn-O in the
MnOg group. This confirms the presence of metal-oxygen (Mn-
0O) bond”’. For samples annealed in N, the metal oxygen bond
is more pronounced, indicating a clear presence of an oxide.
This matches with XRD results (Fig.6), which confirm the
presence of LMO.
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Figure 6: XRD of films on Si substrates, annealed at 450°C for 1h in N>
and Oz versus XRD of commercial MnO:z powder. Arrow represents
LiMnz04 face centered cubic spinel phase (JCPDS 89-0117), square

represents gamma Mn>Os tetragonal (JCPDS 06-0540), star represent

commercial MnOz powder (confirmed by JCPDS 50-0866)



The diffraction pattern shows that in films calcined in O, the
main peak of LMO (111) is not present, although other peaks
(such as (331), (422), (511) are found. This suggests that the
LMO phase is present but has a different (preferential)
orientation, as can be expected from the different morphology
observed in the SEM study (Fig.8). A common peak at 33° is
due to the Si substrate. The pattern shows that y-Mn,0s3 is
present in the film, as was observed in powders calcined under
the same conditions (Fig.4). Note that no crystalline MnO; is
detected in films annealed at 450°C in O,.

Raman spectra (Fig.7) are recorded to conduct the same study
provided on powders (Fig.4).
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Figure 7: Raman spectra of films on Si/SiO: substrates treated at 450°C
for 1h in Nz and O.. In red the deconvoluted peak contours are drawn

Table 4: Deconvolution and Peak assignment>®>° of films on Si
substrates annealed at 450°C for 1h in N> and O:

W ber (em™) Wa ber (em™) Species
Legend Vibrational Modes
in N, ambient in O, ambient Involved
Red 656 617 Ay Mn-O in MnOy
Li-O connected to
X 310 310 Fi(3) the tetrahedral
cation movements

Similar to the powders (Fig.4), also for the films exhibit a large
difference in peak broadness and position for the shoulder
around 600 cm. The peak broadness can also in the case of
films be motivated by the presence of y-Mn,0s; and/or
amorphous oxide phases®l, not detected via XRD. The peak
position can be related to the manganese average oxidation
state in the spinel phase. It can be seen from the comparison
that the A1z mode is shifting towards lower wavenumber in the
film treated in O; (617 cm™ compared to 656 cm™ for the
sample treated in N;), as expected from the study of Julien et
al.”® for A-MnO,. A weaker peak is detected for both conditions
around 310 cm?, assigned to Li-O vibrations, connected to the
tetrahedral cation movements. Both films show the presence
of Li-O vibrations, indicative of the presence of LMO phase in
both conditions, as was confirmed by XRD (Fig.6). It can be
assumed that, also for films, treatment in O, may lead to
phase segregation and possible formation of amorphous A-
MnQO; as a consequence of oxidation of the Mn ions in LiMn;04
from an average oxidation state of +3.5 to +4. As was the case

for powders, also in the films no A-MnO; crystalline phase
could be detected in XRD (Fig.6) after a heat treatment at
450°C. Also here, this still could mean that an amorphous
tetravalent manganese oxide has formed.

The morphology of the films, being very important for
applications, is investigated (Fig.8), after heat treatment in O,
and N3 (450 °C) using SEM.

o 2 g

Figure 8: SEM Pictures of films on Si substrates, annealed in a) N2 and
b) O at 450°C for 1h at 10°C/min.

The film heat treated in N, shows a more pronounced and
better defined grain growth, in comparison to the film
annealed in O,. However, both films are porous, and the
porosity is distributed more evenly in the N; film. The presence
of clear crystallites in this film can also suggest a higher
crystallinity of the layer, compared to the film annealed in O,.
It looks also more polycrystalline, and this can also explain the
presence of more peaks in the XRD diffractogramm (Fig.6).

LiMn,0, oxide and spinel phase formation from the citrato-
Mn2+,Li* precursor gel at 800°C

The gels were also subjected to a heat treatment at 8002C for
3h. This treatment is chosen to allow tetravalent manganese
phases to crystallize3®78 and confirm the possible presence of
Mn#** species, such as A-MnQO; which are still amorphous at
450°C.
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Figure 9: FTIR spectrum of powders obtained at 8002C for 3h in O; and

N:
Table 5: Peak assignment of powders obtained at 800°C for 3h in O:
and N:
N; 0;
Wavenumber A-MnO, Vibrations Assignment
ambient ambient

1384 cm! 1380 1380 1380 S(NHJ)in NH}
1250cm! 1261 1261 X v(C-N) in -CONHR
1100 cm! 1099 1099 x v(C-0)in C-OH

1000 cm! 1015 1015 X v(C-0) in C-OH
880cm-! X 875 X Voo e (CO0:2)in LisCOs



IR spectra in Fig.9 show that the total amount of organic
residues is lower than the one of the powders treated at
450°C, due to the higher thermal budget (longer time and
higher temperature). Still, more organic residues from the
precursor complex (C-OH, amides and nitrates in Table 5) are
present in the sample annealed in inert atmosphere, although
those signals are less pronounced than in Fig.2. The powder
treated in N, shows an intense 509 cm™ vibrational mode of
Mn(111)-O (3:1 peak area compared to the mode at 610 cm™),
while for powder annealed in O, there is an equivalent
stretching with Mn(lV) ions (1:1 peak area compared to the
one at 512 cm1) at 613 cm™L.

XRD analysis on the same powders is shown (Fig.10).
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Figure 1U: XKU Of powaders optained at SUU¥C Jor 3n In N2 and Uz versus
XRD of commercial MnO: powder. Arrow represents LiMn ;04 face
centered cubic spinel phase (JCPDS 89-0117), square represents
gamma Mn:Ostetragonal (JCPDS 06-0540), triangle represents
Li2MnOs based centered monoclinic JCPDS 84-1634), star represent
commercial MnO: powder (confirmed by JCPDS 50-0866)

A thermal treatment in N, yields a material showing the main
peaks of the LMO phase. Minor amounts of Li;MnO3 are found,
as was previously observed in the powders treated at 450°C as
well (Fig.4). Samples annealed in O, contain the LMO phase
(diffractions of (111), (311), (222), (400), (422), (511)) together
with secondary phases. The tetragonal y-Mn,03 phase is
strongly present, besides a MnO, phase’?, which was absent in
samples annealed at 450°C. These observations may suggest
that the disproportionation mechanism32 is occurring and is
influenced by the atmosphere, but also the temperature and
the time of the annealing. During the heat treatment at higher

temperatures in O, more Mn** secondary phase crystallizes, as
obvious already from the FTIR spectrum (Fig.9).
Raman spectra (Fig.11) are shown to study and possibly confirm the

same phenomenon shown on powders (Fig.4), in samples annealed
at higher temperatures.
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Figure 11: Raman spectra of powders obtained at 800°C for 3h in N;
and 0.
Table 6: Deconvolution and Peak assignment>®>° of the Raman spectra
of powders obtained at 800°C for 3h in N2 and O:.

Wavenumber (cm™)  Wavenumber (cm™) Wavenumber {cm™)

Legend

Species
Vibrational Mode:

in N, ambient in @, ambient in MnO, Tnvelved
Red 650 620 620 Ay Mn-O in MnOy
Li-O connected tc
X 310 310 X Fa(3) the tetrahedral

cation movement:

Comparison of the Raman spectra of the powders, heated at
800°C in Nz and O,, indicates that the A;g peak, located at 650
cm?® in the N, treated powder, shifts towards lower
wavenumber (Table 6). This shift is in accordance with the
model proposed by Julien et al.’. The similarity of the
spectrum of the powder treated in O, with the MnO;
spectrum, leads to the assumption that the O, gas oxidizes the
Mn-ions present in the precursor to +4, leading to tetravalent
Mn secondary phases already detected in XRD (Fig.10).

100 200 300 400 500 600 700 100
Temperature (°C)



Figure 12: In-situ HT XRD of a film between 2 O values of 33° and 45°, obtained by spin coating of the precursor solution on Pt/TiN/SiO2/Si,
recorded in a) N: and b) O: at a heating rate of 12 °C.min. The peak at 40°(20) is assigned to the (111) reflection of the Pt substrate.

Preparation of crystalline, spinel LiMn;O; films on non-
conductive (SiO;) and conductive (Pt) substrates at 800°C

To follow in situ the crystallization of possible Mn#* species,
especially MnO; known to crystallize around 800°C, in situ XRD
on films is performed. The analysis was done from room
temperature to 800°C, at a heating rate of 12°C/min, followed
by an isothermal period of 1h at 800°C (Fig. 12). The analysis
was performed on films deposited on a Pt substrate, in order
to allow comparison with the films used for electrochemical
characterization. Already at 400°C, the onset of MnO; phase
formation is observed by the appearance of the (011)
reflection at 36° (20) in O, (Fig.12b). As the temperature rises,
the amount of crystalline material further increases as seen by
the increase of the intensity of the (011) reflection. This peak is
not observed in inert conditions (Fig.12a). Thus, if the same
sample is treated in O3, the LMO (crystalline at 450°C from
Fig.S9 and Fig.6 and by the appearance of the (222) peak in
both conditions from Fig.12a,b) partially oxidizes to MnO,. An
‘off-line” XRD measurement (Fig.13) was carried out after
cooling to room temperature of a film on Si/SiO, subjected to
similar temperature profile (10°C/min instead of 12°C/min), for
comparison.
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Figure 13: XRD of films on Si substrates, heated at 800°C for 3h in N>
and Oz. Arrow represents LiMn;Oa face centered cubic spinel phase
(JCPDS 89-0117), square represents gamma Mn:Ostetragonal (JCPDS
06-0540), star represent commercial MnO: powder (confirmed by
JCPDS 50-0866), triangle represents Li2MnOs base centered monoclinic
(JCPDS 84-1634), x represent Al-O3 body centered tetragonal (JCPDS
16-0394)

The patterns show films with no preferential orientation. It
must be noted that a small fraction of Al,Os is present (24°),

possibly due to the sample holder. After the high temperature
treatment in N, the crystalline cubic LMO spinel phase is
present (Fig.13) (diffractions (111), (311), (222), (400)), as was
the case for powders (Fig.10). Although O, as ambient gas also
yields the LMO phase, also secondary phases are observed in
contrast to the anneal in N,. The secondary phase (LizMnOs3)
was already observed on powders (Fig.10). Based on this, the
phases obtained on films are comparable to the ones shown
on powders, at the same calcination treatment at high
temperatures. This suggests that the disproportionation
mechanism32 can take place also on films. The occurrence of
MnO; at 800°C annealing is in contrast to the anneal at 450°C,
where this phase was not observed (Fig.6). This can be
explained by the crystallization of Mn#* in various secondary
phases, caused by the anneal at high temperature in O,. As a
complementary technique to confirm the presence of different
Mn™-O vibrations, related to different phases, Raman
spectroscopy was performed, as shown in Fig.14

+===MnO,
T et e s e e Pt AN
s
2
2 —0,
2
- X
c
& -4
E
©
o

N
4 & W)
e B B e
T T T T T
200 300 400 500 600 700 800

Wavenumber (cm ‘)

Figure 14: Raman spectrum of films on Si substrates, annealed 800°C
for 3h in N2 and Oz compared to MnO: powder.
Table 7: Deconvolution and peak assignment>®>° of films on Si
substrates, annealed at 800°C for 3h in N2 and O:

Wavenumber (cml)  Way femt)  Wa ber(enr’)  Species
Legend Vibrational Mo
in N, ambient in O, ambient in Mn0O; Involved
Red 650 620 620 Ayg Mn-O in MnC

Li-O connectec
The Raman hand located,at 625-650,cm™! becgmes less.sharp
and intense in the films heated in O, compared to the, Na.case,
due to phase segregation phenomena (A-MnO; and y-Mn;03).
As already observed before, the Aiz mode shifts to lower



wavenumber (from 650 cm-1in N, to 620 cm in O,). This band
is attributed to the stretching mode of MnOg octahedra in A-
MnO,, as it is the only phase detected for commercial MnO;
powder. Therefore, films annealed in O, consist of a mixture of
y-Mn;03, MnO; and the desired LMO phase,”°. In contrast, the
N2 anneal does not show the presence of A-MnO, being
formed (also in Fig.12-13).

Since the material final application will be in an all solid state
battery, the morphology and the substrate coverage is also an
important parameter to be investigated. Therefore SEM
analysis was performed on films annealed at 800°C for 3h
(Fig.15).

Figure 15: SEM Pictures of films on Si substrates, annealed in a) N>and
b) Oz at 800°C for 3h at 10°C/min.
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The phase segregation observed previously may influence the
electrochemical properties of the film, and therefore cyclic
voltammograms are measured (Fig.16).

The LMO film annealed in N, was the only sample exhibiting
activity in the 4 V region. The CV shows two pairs of clear and
strong peaks located at 4.03 (A), 3.96 (A’), 4.15 (B) and 4.10
(B’) V vs Li*/Li. These peaks correspond to the two-step
reversible (de)intercalation of lithium between LiMn,04 and A-
MnO,18:80,81,

In the 4V region, no significant difference is seen as the
number of cycles increases (up to 10, shown only last 5),
indicating good repeatability. The good cycling stability was
already attributed to the fact that Li ions are de-inserted from
the cubic structure with a minimal contraction of the unit
cells2,

Outside the 4V region, a pair of strong peaks located at 3.11V
vs Li*/Li (D) and 2.74V vs Li*/Li (D’) appears. This pair (D and D’)
represents the 3V process corresponding to (i) further Li*
intercalation and formation of LiMn;0, together with the
reduction of the average oxidation state of manganese from
3.5 to 3V vs Li*/Li (D’) and (ii) the Li* extraction from the
formed Li;Mn,04 and the re-oxidation of average oxidation
state up to 3.5V (D).1618 At the start of the second cycle (i.e. at
3.2V vs Li*/Li), a new peak appears around 3.78V vs Li*/Li (C)
which is ascribed to the lithium extraction from octahedral
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Figure 16: Cyclic voltammogram (first 5 cycles, 10 mV/sec) of the films onto Si/SiO2/TiN/Pt, after annealing at 450 °C for 1h in a) N2 and b) O..

Films annealed in N, maintain uniformity and full coverage of
the substrate, while films annealed in O, show an
inhomogeneous morphology with large sections, where the
substrate is uncoated, possibly due to shrinkage during the
crystallization process. Samples annealed in oxygen show a
different grain size and morphology. Together with the XRD
and Raman (Fig. 12, 13 and 14), this shows that phase
segregation is occurring.

Electrochemical activity of the prepared films on Pt

For the films annealed in O, no characteristic peak for Li*

intercalation and (de)intercalation was observed in the 4V vs
Li*/Li region.

This can be due to the presence of amorphous A-MnO, (as
suggested also from previous analyses) which, together with
the other secondary phase y-Mn;,0s3, is compromising the Li*
diffusion and therefore the activity of the material. In fact,
both A-MnO;, and y-Mn,0s are spinel structures but their
activity lies in a different voltage range (1-1.5 range) useful for
anode materials8384, When present in combination with LMO,
Li* can diffuse into one of their network and not to the LMO,



compromising the electrochemical activity. This effect can be
seen in Fig.510-11, where the activity of mixed phases is
shown. | both cases, N, and O; annealing, at high temperatures
a new peak/shoulder around 3,2V can be seen, and from the
first cycle this secondary phase (assigned possibly to MnO3)
the intercalation of Li* in spinel LMO in the 4V region is
compromised. This corroborates the already discussed
advantages of the low temperature treatment. The ability of a
cathode material to intercalate Li-ions is closely related to
their electrical and ionic conduction. In a battery, when Li-ion
diffuses out of the cathode (ionic conduction) during cycling,
the valence state of the transition metal ion (Mn) changes
(electronic conduction). studies showed that
annealing temperatures and atmospheres (oxygen pressures)
had no considerable effects on electrical properties of the LMO
material®>8. A  possible reason for the different
electrochemical activity of the samples annealed in N; and O,
can be found in the crystal structure of the oxide®’, affecting
the Li ion diffusion. Samples annealed in N, show cubic spinel
phase pure LMO, and therefore 3D arrays of tunnels for Li ion
conduction, which are lost in samples annealed in O, due to
phase segregation and the presence of tetragonal Mn,0s3
together with amorphous cubic MnO; A second important
parameter that affects Li* diffusion is the grain size, both in
powders and films®:88. A smaller particle size leads to a
significant increase in ionic conductivity and therefore in
electrical conduction. SEM pictures (Fig.15) nano-sized grains
are clearly visible in samples annealed in N, while for samples
annealed in O; it was not possible to define grain size due to
the possible partially amorphous nature of the deposited
materials. More parameters can affect Li diffusion into the
lattice, such as defects, Li-O binding energy and bond types,
phase transition, but considering the similar nature of those
oxides, characterized by ionic bond types with coulombic
interactions occurring, and the same Jahn-Teller phase
transition for all Mn oxides, these parameters were not
explored further.

Previous

Conclusions

Phase pure spinel LiMn;04 powders and around 100 nm thick
films are successfully prepared via
deposition using an entirely water based precursor solution.
The crystalline, spinel phase is achieved already before 450 °C
in an N, atmosphere, creating opportunities for a relatively low
temperature synthesis and the use of oxidation sensitive
substrates and current collectors, such as TiN. If O, is added
during the post-anneal, the purity of the spinel phase is
compromised by the presence of secondary phases, such as
Mn,03 and A-MnO,. Here, we find that this material sensitivity
and instability is also found while depositing LMO films. The
Mn3-5* (average oxidation state) ions present in the gel or the
wet film are extremely sensitive to O, and are easily subjected
to fast oxidation, which is in agreement with Nakamura’s
results3l. The oxygen pressure of the final anneal was
therefore crucial to have stoichiometric LiMn;04 without any

chemical solution

phase segregation. In particular, at 450°C A-MnO; appears to
be still amorphous and not detected via XRD, but nevertheless
strongly affects the morphology and electrochemical
performances of the prepared film, leading to very slow Li*
ions diffusion and therefore inactivity of the material. When
the annealing temperature is increased, crystalline A-MnO,
starts to appear at 800°C, as confirmed by in-situ XRD. The

formation of the A-MnO; crystalline layer at higher
temperature in O, was also confirmed with XRD and Raman
spectroscopy, both for powders and for films. The

disproportionation mechanism already confirmed by Strobel et
al.32, justified the phase segregation also in our LMO films and
motivates the successful use of N, atmosphere for the final
anneal of our films. The secondary phases also strongly affect
the morphology of film, altering coverage and uniformity of
the surface. In conclusion, the atmosphere choice is crucial in
order to obtain LMO films with high quality and to prevent
undesired secondary reactions, which can lead to weaker
electrochemical properties or total inactivity of the cathode
material.
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