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Abstract: In this work, a comprehensive investigation of amorphous and crystalline modification of
identical electrode active material as a thin-film electrode for a future all-solid-state Li-ion battery
application is presented and discussed. Using the proposed micro-battery system, we aim to unravel
the effect of the crystallinity of the positive electrode material on the intrinsic durability of all-
solid-state thin-film Li-ion batteries during prolonged electrochemical cycling. We demonstrate the
preparation, structural-, nanomechanical and electrochemical characteristics of molybdenum (VI)
oxide (MoO3) thin-film cathodes based on their different crystallinity. The nanomechanical properties
of the electrode layers were determined using nanoindentation along with acoustic emission studies.
Based on the electrochemical test results, as-prepared thin films that did not go under any heat
treatment showed the best performance and stability throughout cycling around 50 pAh initial
capacity when cycled at C/2. This suits well their nanomechanical properties, which showed the
highest hardness but also the highest flexibility in comparison with the heat-treated layers with
lower hardness, high brittleness, and numerous cracks upon mechanical loads. According to our
results, we state that amorphous-type electrode materials are more durable against electro-chemo-
mechanical-aging related battery performance loss in all-solid-state Li-ion batteries compared to their
crystalline counterparts.

Keywords: Li-ion battery; thin-film battery sputtering; amorphous cathode; electrochemical perfor-
mance; impedance spectroscopy; X-ray line profile analysis; nanoindentation; acoustic emission

1. Introduction

During the past few decades, the demand for portable power has been steadily in-
creasing; this is due to the increasing demand for mobile handheld devices (cellular phones,
tablets, laptops, “smart” electronic devices, etc.), electric vehicles, such as hybrid EV and
battery electric vehicles (BEV), aerospace applications, etc. The conditions of usage of
these batteries may differ based on the applications. Thus, environment protection, man-
ufacturing cost, the safety of these storage devices, and sufficient autonomy for reduced
weight and size are essential points for all these new technologies, particularly in the field
of rechargeable batteries. Thin metal-oxide films have long been recognized as promising
materials for battery electrodes. Thin-film electrodes can enable active materials with low
conductivity to improve their electro-chemical characteristics. It is possible to lower the
thickness of thin films to a point where the electrochemical behavior is not significantly
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influenced by electrical conductivity [1]. There are several methods that have already been
successfully applied for the fabrication of thin-film electrodes, such as ion beam sputter-
ing [2], pulsed laser deposition (PLD) [3], the sol-gel method [4], spray coating [5], flash
evaporation [6], electrochemical deposition [7], radio frequency (RF) sputtering [8], flame
spray pyrolysis (FSP) [9], etc. Among the above thin film deposition techniques, direct
current (DC) sputtering is an attractive method for the preparation of thin-film metals
due to the target’s high conductivity. In fact, sputtered metal oxide thin layers are rather
amorphous in nature. Regarding the battery performance, authors claim that polycrys-
talline electrode materials are required for excellent electrochemical performance [10]. In
crystalline materials, the electrochemical performances are conditioned by the structural
stability, crystal orientation, defects in crystals, the stochiometric limitation of ion insertion,
the available energetically equivalent sites for ion transport, phase transition, etc. [11]. In
most cases, in order to achieve polycrystalline thin films, the as-prepared (and thereby
amorphous) layers have to be post-heat treated or synthesized at elevated temperatures
(>500 °C) [12]. Nevertheless, the high-temperature annealing step often results in undesir-
able interphase formation [13] and does not allow for the application of heat sensitive and
mechanically flexible, e.g., polymeric substrates, nor allow the fabrication of battery cell
stacks (repeating units of sequentially deposited single battery cells connected with each
other) for the increased areal energy density. There are several reasons to use amorphous
material instead of their crystalline counterparts [14-16]. Amorphous materials possess
higher kinetics of ionic intercalation and deintercalation; there is no directionality in the
Li-ion transport, i.e., lithium diffusion is isotropic [17]; they have larger free volume and
more interstitial sites in their structures, thereby having enhanced storage capacities [18-21];
and they can buffer electrochemical lithiation induced mechanical stress.

Crystalline molybdenum(VI) oxide (MoOj3) has been tested as an electroactive com-
pound in rechargeable Li-ion batteries earlier [22-25]. Its advantages are the high theoreti-
cal capacity (372 mAh/g) when a two-electron reaction is exploited, (for a-MoOj3: Qy =
279 mAh/g, at 1.5 moles Li* /MoO; and Qu = 186 mAh/g for 1 moles Li*/MoOj3) and
easy processing as thin films. The amorphous-to-crystalline transition of MoOj3 thin layers
proceeds at relatively mild temperatures of T ~ 300 °C [26] (for LiCoO, and LiMn, O4 at T
~ 600 to 700 °C), which makes this a very suitable candidate to investigate in SSBs based
on amorphous, as well as crystalline electrodes. Thereby, using a MoOs-positive electrode,
the detailed investigation of the electrochemical performance regarding the amorphous vs.
crystalline form of the same material can be carried out easily. To our knowledge, there are
only a few publications on the comparison of the electrochemical properties of MoOj3 in
amorphous and crystalline forms. Julien et al. [27] investigated flash-evaporated MoOj5 thin
films for cathode materials with different crystalline structures, i.e., amorphous a-MoOj3
and polycrystalline monoclinic-orthorhombic mixed phase MoOj3 and orthorhombic MoOs.
It was stated that the ionic transport was weaker in the disordered phases; although, the
cell voltage remained high. They found similar results in the case of sputtered MoOj thin
films in organic liquid electrolyte cells, i.e., the ionic transport was strongly dependent on
the film crystallinity [28].

The current study focuses on the comprehensive investigation of the structural and
electrochemical performance of amorphous and partially crystalline MoOjs thin film elec-
trodes in rechargeable Li-ion batteries. Nanomechanical characteristics, and acoustic
emission behaviors of the MoOs3-based layers along with their crystallinity are discussed.
The as-sputtered and post-heat treated MoOj3 electrodes were assembled into coin cells,
then, electrochemical performance, such as capacity, capacity retention, and power density
characteristics were analyzed. The correlation between the layer’s crystallinity and its
electrochemical properties was determined.
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2. Experimental
2.1. Preparation Method

MoO;s thin layers were prepared by the DC sputter deposition technique. The thin
layers were deposited onto Al substrates using a molybdenum target (Lesker, K.J.) with a
constant gas flow of 30 sccm argon and 10 sccm oxygen, a deposition pressure of 1.10~! Pa
at a DC power of 200 W. To have crystalline MoOj layers, the as-sputtered samples were
heat treated at 200 °C and 300 °C for 1 h with a heating rate of 10 °C/min in air, respectively.
For electrochemical testing, 14 mm diameter discs of the MoOj3 layers were used as the
positive electrodes, 1 M LiPFg in ethylene carbonate and diethyl carbonate (EC/DEC) 50/50
(v/v) was used as the electrolyte (Sigma Aldrich, St. Louis, MO, USA), and metallic lithium
foil as counter electrode 16 mm in a CR2032 type coin cell and a Whatman glass fiber
separator 18 mm. The battery cells were assembled in an argon-filled glove box (O, and
H,O levels < 0.1 ppm).

2.2. Characterization Methods
e  X-ray photoelectron spectroscopy (XPS)

The XPS analyses were performed by using an Omicron EA 125 electron spectrometer
(Omicron NanoTechnology GmbH, Taunusstein, Germany) in the “Fixed Analyzer Trans-
mission” mode; photoelectrons were excited by non-monochromatized MgKa (1253.6 eV)
radiation. The energy scale of the electron spectrometer was calibrated according to the
ISO 15472 standard. The estimated uncertainty of the binding energies obtained in this
work is around 0.2 eV. Samples were investigated in their “as received” state, without any
cleaning in solvents. High-resolution spectra were obtained from the regions of interest
using a “pass energy” of 30 eV, providing resolution around 1 eV. Spectra were processed
with the CasaXPS package (Casa Software Ltd., v.2.3.12, Teignmouth, UK) [29], while quan-
titative evaluation of the data was performed with the XPSMultiQuant package (M. Mohai,
v.7.00, Budapest, Hungary) [30], during which a homogeneous depth distribution was
assumed for all components. As the line shape of the Mo 3d spin-orbit doublet suggested
the almost exclusive presence of the Mo®* ionic state, the referencing of the binding energy
scale was possible by setting the maximum of the Mo 3d5,, peak to 232.5 eV, which is the
binding energy reported for Mo®" ions in MoOj3 [31,32]. This correction was confirmed by
the resulting C 1s binding energy slightly below 285 eV.

e  X-ray line profile analysis

The crystallinity of the layers was investigated by X-ray diffraction (RIGAKU SMART-
LAB diffractometer, Tokyo, Japan) in Bragg—Brentano geometry using Cu K-oc and K-f3
radiation. The crystallinity of the samples is defined by the ratio between the total sample
intensity and the intensity of the crystalline phase peaks, namely,

Icrystuline

Cc =
<Icrystaline + Iamorphous)

)

The steps to obtain the crystallinity consisted of deduction of constant background, a rough
linear fitting of amorphous phase, integration of different phases via Simpson method, and
lastly calculating the crystallinity. In the case of crystalline layers, a clear, good quality reflection
(i.e., without overlapping with other peaks) was selected and scanned with monochromatized
K-« radiation in grazing angle. Afterward, by analyzing the X-ray line profile with the so-
called restricted moments method developed by Groma et. al. [33,34], the average dislocation
density and average grain size were determined. From the asymptotic behavior of kth order
restricted moments

_ Jd'1(q9)dq

*T [ 1(9)dg @
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of the measured I(g) X-ray intensity distribution, one may obtain

vy = iq + <P*>1n(¢]> 3)

m2d’ 272 q0

and second order and fourth order restricted moments, respectively. In the above equation,
2. .
4= 3(sin(©) ~ sin(®y)) @

is the diffraction distance, where 0 is the exact Bragg-angle and A is the wavelength of the
applied X-ray radiation. One can clearly see that both the average dislocation density ({p*))
and average grain size (1/d) appear in the second and fourth-order restricted moments,
which means that one can determine these parameters by subtracting the appropriate
background and fitting the restricted moments [35].

e Nanoindentation

To investigate the mechanical properties of MoOs-bearing layers, a custom-made nano
indenter was used [36,37]. The developed apparatus is suitable for the investigation of the
nano deformation methods by its fast response speed and mountable acoustic emission (AE)
sensor, besides the crucial mechanical properties. An AE signal could form during plastic
events, such as crack formation and crack propagation, cooperative dislocation movements,
and different types of phase transformations [38]. The detection of AE is based on the elastic
energy release due to the irreversible change in the specimen’s (micro)structure. Near the
AE source, the released energy forms a stress pulse, which propagates through the material.
The elastic stress wave component, which is perpendicular to the surface, is detected by
piezoelectric transducers, which are coupled to the specimen’s surface mechanically [39].
For the nanoindentation analyses, a diamond Berkovich-type indenter tip was used. The
accuracy of the depth and load measurements were 1 nm and 1 pN, respectively, and
the applied sampling rate was 200 Hz. In this indentation measurement, there was no
applied load or strain control to avoid the artificial effects of the electrical feedback. The
spring attached platen velocity was set to a constant value to carry out the tip penetration,
which was proportionate to the average indentation rate. In the case of AE measurements,
the sampling rate of the data streaming was 2 MHz (adjusted to the known main signal
frequency of 50-500 kHz). The signal detection threshold set to 0.01 mV was remarkably
over the noise level.

e  Scanning electron microscopy (SEM)

Morphological and microstructural characterizations of the thin layers were carried
out with focused ion beam/scanning electron microscopy (FIB-SEM) system using FEI
Quanta 3D dual beam scanning electron microscope. The as-prepared, heat treated at
200 °C and 300 °C layers were analyzed pre and post-nanoindentation in order to visually
inspect the indentation effect on the layers and their patterns.

e  FElectrochemical tests

The assembled battery cells were cycled between 1 and 3.5 V under galvanostatic
conditions using a Biologic VMP-300 electrochemical workstation. The initial 10 cycles
were performed at a rate of C/2, followed by long-term cycling at 10C for an additional
500 full cycles.

2.3. Results and Discussion

(1) Chemical and crystallographic characterizations

Chemical composition including the Mo:O atomic ratio of the as-sputtered and the
annealed thin films were characterized by XPS. Results of the quantitative analysis are
presented in Table 1. All examined surfaces contain a relatively high amount of carbon.
As even a minimal in situ ion bombardment very significantly decreased the carbon
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content, it was assigned to surface hydrocarbon contamination adsorbed from ambient
air. Indeed, the binding energy of the main C 1s peak around 284.8 eV is characteristic of
hydrocarbon contamination.

Table 1. Summary of the XPS data for the as-prepared and heat-treated samples.

Sample C % (at%) 0% (at%) Mo% (at%) Mo:O Ratio
as-sputtered 325 45.3 17.4 1:2.60

200 °C 21.6 55.4 21.6 1:2.56

300 °C 31.1 48.1 19.6 1:2.45

Figure 1 shows the detailed Mo 3d spectra of the three samples. Most of the Mo 3d
signals are assigned to the 3ds5,,—3 2 spin-orbit doublet of the Mo®" ions (3ds/, component
at 232.5 eV binding energy). The width of the Mo®* peaks clearly decreased with increasing
annealing temperature (full width at half maximum of the Mo®* 3ds,, peak was 1.54 eV,
1.44 eV, and 1.23 eV for the untreated, 200° C, and 300 °C annealed samples, respectively).
This suggests a more uniform, ordered local environment for the Mo ions in films annealed
at higher temperatures. At the same time, a slight asymmetry at the low-binding energy
side of the main peaks indicated the presence of another chemical state, which was slightly
more pronounced in the 300 °C sample. It was modeled by a second spin-orbit doublet,
which accounted for roughly 4-5% of the total Mo signal in the untreated and the 200 °C
annealed sample and 7% in the 300 °C sample. According to its 3d%/? binding energy
around 231 eV, it was assigned to Mo®* ions [31].
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Figure 1. Panel (A): Mo 3d and Panel (B): O 1s spectra of the untreated (a), 200 °C (b), and 300 °C
(c) annealed sputtered Mo-oxide films.

The O 1s spectra of the samples were rather similar; they were dominated by a peak at
530.4-530.6 eV arising from lattice oxygen in Mo-oxide, while a weak component at its high
binding energy side contained contributions from surface hydroxyl groups as well as from
carbon-bound oxygen atoms belonging to the carbonaceous contamination. All surfaces
were somewhat oxygen-deficient. The Mo:O ratio in the untreated sample was 1:2.60, which
hardly changed in the 200 °C-treated sample but decreased below 1:2.50 in the 300 °C
sample. The results of the XPS investigations suggest that our cathode material consists
of MoOj3 with a Mo:O ratio close to 1:3; although, some variation in the microstructure is
expected as a consequence of the annealing.

To reveal the crystallographic features of the as-sputtered and the annealed MoO; thin
films, XRD measurements were carried out. The diffractogram measured in Bragg—Brentano
geometry of the as-sputtered MoOj3 thin film does not present any peaks, meaning the layer
is completely amorphous (cf. Figure 2a). When heat treated at 200 °C, the layer still presents
its amorphous features, while crystallization only took place when the layers were heated
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to 300 °C. The diffractograms of the thin films grown on aluminum substrate show the or-
thorhombic « phase of MoOj referred to with a delta symbol; however, impurities (namely,
multiple AlOx phases) referred to with a star symbol are also observed. The appearance of
the AlOy phases can be attributed to the conventional heat treatment procedure.

2 § Al substrate
S = Glass substrate
a) = 5 oRT b) . T RT
z Z T-200°C
1500 | = = T=200"C T 300°C
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Figure 2. (a) XRD patterns of MoOj sputtered on aluminum substrate (A: orthorhombic x-MoO3,
*: Al-oxides), (b) crystallinity was estimated with the presented numerical procedure. The peak
positions were given manually, the fitting is linear. The blue line is the original sample diffractogram,
the orange one is the amorphous background, and the green is the studied crystalline phase.

As was stated earlier, the calculation of the grade of the crystallinity of the thin layers
before and after annealing was made in an approximate but simple manner, which is useful
for the analysis of Bragg—Brentano data with multiple peaks. The fluctuating background
(BG) was fitted via a two-point linear fitting, while the peak intervals were left out, via
linear bridging (see Figure 2). Afterward, the amorphous background was subtracted
from the whole diffractogram, obtaining the diffraction peaks corresponding to only the
crystalline MoOs-o phase. In the next step, the original diffractogram and the crystalline
phases were integrated via the Simpson method. The samples annealed below 300 °C had
a rather amorphous character, they were 0% crystalline; however, those that were heated
to 300 °C exhibited 5.4% crystallinity on the aluminum substrate. The low crystalline
character in the case of the samples processed and deposited onto the aluminum substrate
could be explained by the appearance of AlOy phase impurities, which could have had a
pinning effect on the growth of MoOj3 grains.

The annealed MoOj3 thin layers deposited onto glass substrate showed a higher
crystallinity grade especially for the 300 °C heat treated sample (see Figure 3a). It was
calculated to 9.6% (on glass), in contrast to the 5.4% calculated crystallinity for the aluminum
substrate-processed supported samples.

The average dislocation density and grain size of the MoO3 films on glass substrate
were estimated by the momentum method. In fact, inner stresses of the thin aluminum
foil substrate were released via physical distortion such as bending and deflection during
the heat treatment, resulting in the cracking of the MoOs thin film. Accordingly, the
momentum method was applied for the crystalline sample prepared on the glass substrate.
In fact, the momentum method was not applied in the case of the thin films prepared
on aluminum substrate. The reason for this was due to the heat treatment of the thin
films; the inner stresses of the thin aluminum foil substrate were released via physical
distortion, namely, bending and deflection, so the thin film cracked on the surface of those.
Since the momentum method is sensitive for such length scale-inducing effects and would
not even correctly predict the average dislocation density, it cannot be used for the films
on the aluminum substrate. However, in the case of glass substrate samples, coherent
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results were obtained regarding the parameters from second and fourth-order restricted
moments (Figure 3c, respectively Figure 3d.) The obtained average dislocation density
(0*) = 16 x 10'? m~2 and average dislocation cell size d ~ 1.4 are expected results for a
partially recrystallized, fairly large, grained sample. In this case, we can assume that, truly,
the average dislocation cell size is equivalent to the average grain size, because the obtained
value is in the range of microns. However, this is not always true, because for extremely
large-grained polycrystals (10-100 pm), the characteristic length of the dislocation structure
will always be smaller than the size of the crystallites. Since the thin film has a thickness of
10-100 nm, the average grain size is obtained based on surface data, which means that the
grains have a large anisotropic extent on the x-y plane in comparison to the z direction.

Glass substrate
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Figure 3. (a) XRD patterns of MoOj5 sputtered on glass substrate; (b) intensity distribution of the
(200) Bragg-reflection; second-order (c) and fourth-order (d) restricted moments.

Mechanical hardness tests were performed on the thin layers sputtered on the alu-
minum substrate, which is the selected substrate that will serve later as the current collector
for the MoOj3 cathodes in the thin-film Li-ion batteries. Six indentations were performed on
each sample with different maximum applied forces up to F = 40 mN. Figure 4a presents
ones of the load vs. displacement curves for the three layers: as prepared, heat treated at
200 °C and 300 °C.

At first glance, it can be noted that the lowest maximum displacement recorded with
the F =5 mN load among the three different samples was found for the amorphous layer
with penetration of 0.22 um, followed by the layers heat treated at 200 °C and the 300 °C,
with 0.3, and 0.7 um respectively, which reflects the hardness conditions. Based on these
three curves, we can conclude that the as-prepared and the 200 °C annealed samples
have similar mechanical properties, unlike the 300 °C annealed one. As the indenter’s tip
penetrates the specimen, the loading curve raises. At some point, the maximum load Pmax
is reached, which is then followed by the unloading.

The black and blue curves that belong to the as-prepared and 200 °C heat treated
at 200 °C layers show the usual behavior of amorphous layers [40], which shows that
the deformation was mostly determined by the amorphous phase even in the sample
heat treated at 200 °C. In the case of the 300 °C-treated and thereby more crystallized
layer (red curve), there were two main differences compared with the other samples.
First, under a given load value, the indenter’s tip can penetrate deeper into the sample,
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which characterizes softer materials (Figure 5). Secondly, during the unloading part, the
displacement did not decrease. This means that during the loading part, elastic energies do
not accumulate and are stored in the material, only plastic deformation has occurred.

-- As prepared
--200°C

Load (mN)

-02 00 02 04 06 08 10 0.0 0.2
Displacement (um) Displacement (um)
Figure 4. (a) Load vs. displacement curves at an F = 5 mN maximum load for the amorphous, 200 °C,

and 300 °C annealed MoOj thin-film samples; (b) load vs. displacement curve for five indentations
for the as-prepared sample.
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Figure 5. Hardness vs. contact surface depth after the total of 5 touches performed on each sample.
The huge squares represent the average of the hardnesses whose displacements are below 0.4 um to
eliminate the deterministic effect of the substrate.

During the loading phase of the as-prepared, amorphous layer, the load curve is
continuous; there are no sudden jumps. This smooth curve behavior is linked to the
deformation mechanism. In these cases, the deformation was homogeneous in space and
time, and shows the elasticity storing capability of the amorphous phase. This can be
also confirmed from the rest of the load vs. displacement curves of the as-prepared layer
(Figure 4b) in five of the indentation curves present the same pattern.

The 300 °C heat-treated layer showed momentary jumps in the load vs. displacement
graph. During these jumps a sudden plastic event occurred, where the load value remained
close to constant, but the displacement had a sudden increase. These sudden deformation
events could have more sources, such as the avalanche-like dislocation gliding and creeping,
crack formation, and layer separation from its substrate. The possibility of these various
and complex superposition-like deformation processes could serve as an explanation for
the lack of the crystalline phase’s elasticity.
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The hardness H (GPa) depends on the maximum force Pmax (mN) applied to the thin
layers and the indentation depth (h. (um)) corresponding to the contact surface. Its value
can be calculated from the following equation. The h. can be determined by the point of
intersection of the linear fitting to the first part of the unloading with the zero load the
linear line x in the line projected to the initial values of the load curve [41].

Pmax
H=——
24.5 x h2 ©)

Further investigations on the hardness (Figure 5) revealed that in the case of higher
penetration than 0.4 pm, the hardnesses were lower (around 300 MPa); these results were
coming from the aluminum substrate and not the layer, as the penetration exceeded the
layer thickness, which is in a good agreement with the expectation [42]. In order to have
more accurate results of the hardness, all penetrations below 0.4 uym were averaged and
presented with the larger circles.

Regarding the hardness of the MoO3-bearing layers, there is a slight difference between
the amorphous and the heat-treated sample at 200 °C. The thin-film sample heat treated at
300 °C is much softer than the previous ones due to its different deformation properties.

The indented layers were examined using scanning electron microscopy (SEM). Due
to the semiconductive nature of MoOs, the samples were carbon coated to a thickness of
7 nm as measured with a quartz crystal thickness gauge. The brittleness and the adhesion
of the layers could be represented by the number of cracks. According to Figure 6a, the
most elastic as-prepared layer shows the least number of cracks (as expected), followed
by the heat-treated layer at 200 °C, as presented in Figure 6b. The number of cracks is the
highest for the 300 °C layer (presented in cf. Figure 6¢). In this figure, there is visible proof
of the peeling of the layer from the substrate, which is in good agreement with the above
section regarding the elastic conditions. This different peeling behavior was also expected.
When a huge strain was applied on the substrate (cased by 40 mN load), the more elastic
layer can follow better the deformation of the substrate and stay in contact.

Figure 6. SEM images of 40 mN load effect on the layers (a) RT, (b) 200 °C, and (c) 300 °C.

Acoustic emission measurements were performed in parallel with the nanoindentation
studies. Crack formation and its sudden propagation, or the cooperative motion of the
dislocations in the layers during indentation can form a significant acoustic signal [39],
while the slow deformation processes, such as the grain boundary sliding or the atomic
rearrangement near local stress zones and free volumes (which characterize a common
deformation process in amorphous materials [43]), produce no detectable acoustic signals.

This was in perfect agreement with the results obtained since the as-prepared layer
did not produce any signals, while most of the acoustic emission signals were obtained
from the samples heat treated at 200 °C and 300 °C. Altogether, four acoustic signals were
detected during the six indentation runs from the samples heat treated at 200 °C, and
four acoustic signals in case of 300 °C. The heat-treated samples are crystallized to some
degree, but we cannot connect the AE signals clearly to the crystalline form, since there
were no differences between the AE signals regarding the degree of crystallinity. Acoustic
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signals may be generated from the cracks, and in the case of the 300 °C heat-treated 300 °C
sample, the more cracks cannot produce more AE signals, because of the poorer adhesion
of the layer.

The load and the amplitude of the acoustic emission signal are plotted as a function of
the time during the indentation using a 10 mN maximum load (Figure 7). The detected
AE signals were mostly in the loading part. In the fully crystalline most crystallized cases,
there were AE signals during the unloading part (Figure 7b). This type of event was not
unexpected in a rigid, totally plastic material, because it is shown in Figure 4a that during
the unloading part, the tip’s penetration could increase, so plastic deformation occurred.
The lack of the AE events during the unloading part of the amorphous layers also shows
that the leading deformation mechanism belongs to the amorphous parts. However, the
existing AE signals of the 200 °C-treated layer show that there is some contribution of the
substrate to the deformation mechanism.
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Figure 7. Load and acoustic emission amplitude signals as a function of time for the 10 mN inden-
tation for the 200 °C layer and 300 °C layer (a) and (b), respectively. (c) Load and AE amplitude as
a function of time for the 5 mN touch on the 200 °C MoOj3 layer; (d) SEM image of the crack after
the indentation.

An interesting feature of the acoustic emission is that it can produce a signal after a crack
as mentioned above. Figure 7c shows the acoustic emission signal during the loading phase;
furthermore, the SEM image of the crack produced on the surface of the MoO; layer heat treated
at 200 °C is shown in Figure 7d. It can be assumed that this crack formed at around F = 1.3
mN before the peeling out of the layer, since, during the crack formation, there was a good
mechanical connection between the layer and the substrate, which makes it possible for the AE
signal to propagate through the substrate to the detector from the crack in the layer.

In summary, the as-prepared MoOj3 layer has been proved to have the highest hardness and
elasticity from the load—displacement curves. This higher elasticity was also proven by the
fact that the as-prepared layer did not produce any acoustic emission signals. This means that
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the main deformation mechanisms of the as-prepared layers are the acoustically silent atomic
rearrangements. In these cases, the separation of the layer from the substrate is assumed to be
the reason for the crack development or it occurred before the crack formation. The heat-treated
layers, however, showed some jumps in the load—displacement curve; this can tell us about
certain deformations/crack formation in the layer during the indentation, which is supported
by the acoustic emission signals. It can be concluded that the main deformation mechanism
was the cracking of the layer, which confirms their brittleness. From the SEM images of the
indentation, it can be deduced that the heat treatment resulted in poor adhesion between the
layer and the substrate, which could be due to the phase change from amorphous to crystalline.
The use of the nanoindentation, acoustic emissions, and SEM images can tell us a lot about these
properties of supported thin films.

To conclude this section, X-ray diffraction confirmed the amorphous nature of the
as-sputtered MoOj thin films. According to surface mechanical studies, these films are
adherent, hard, and elastic. As suggested by the XPS measurements, annealing of the films
at 300 °C in air resulted in partial crystallization producing large grains elongated on the
plane of the film. These films were rigid and brittle, with a tendency for peeling under
mechanical stress. However, a significant amount of Mo-oxide remained in a disordered
state even after this heat treatment. It can be assumed that the relatively large oxygen
deficiency of the 300 °C annealed films, along with the increased Mo®* content revealed
by XPS, is related to the presence of this disordered fraction. Nevertheless, our results
are consistent with the literature data suggesting the transition between amorphous and
crystalline MoOs at around 300 °C [44,45]. Mechanical properties of the films annealed
at 200 °C in air still show the prevalence of the amorphous oxide but are in some sense
intermediate between those of the as-prepared and the 300 °C annealed systems. Although
long-range ordered crystalline domains were not detected in these samples by XRD, their
mechanical behavior, as well as slight changes in the Mo 3d XPS spectrum, is in line with
the increasing local ordering.

(2) Electrochemical characterizations

The electrochemical cycling behaviors at I = 25.25 pA charge/discharge currents of
the battery cells assembled using the as-sputtered, 200 °C and 300 °C heat-treated samples
are depicted in Figure 8. The charge-discharge curve consists of smooth S-shape profiles
at any cycle without having a flat plateau average voltage of about 1.9 V. As shown in
Figure 8a,b for the as-sputtered and the 200 °C heat-treated samples, a rather high initial
irreversible capacity was observed, which was smaller in the case of the sample heat treated
at 300 °C (cf. Figure 8c). In fact, the as-sputtered cell showed the highest initial capacity of
around 50 pAh compared to 44 pAh for 200 °C and 35 pAh for the electrode heat treated
at 300 °C. On the other hand, the best coulombic efficiency (Figure 9a) was for the 300 °C
heat-treated layer at 300 °C followed by the 200 °C heat-treated layer at 200 °C and, finally,
the as-prepared layer.
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Figure 9. Coulombic efficiency (a), Differential capacity graphs of the 3 cells after 10 cycles:
(b) as-prepared, (c) heat-treated 200 °C, (d) heat-treated 300 °C.

In terms of coulombic efficiency (Figure 9a), the heat-treated layer at 300 °C showed su-
periority compared to the layer heat treated at 200 °C and the as-prepared amorphous layer.
Differential capacity curves of MoOj electrodes heat treated at different temperatures
are shown in Figure 9b—d. In Figure 9b, the charge branches (positive current values) of



Batteries 2022, 8, 80

13 of 16

the cycling data show a broadened character without sharp signal peaks, which may be
attributed to the amorphous nature of the applied cathode material and the broad energy
distribution of the reaction sites in the electrode active material [19].

Compared to the as-prepared electrode layer, the electrode layer treated at 200 °C
shows similar electrochemical behaviors, which can be explained by the similar, pre-
dominantly amorphous structural features discussed above. The as-prepared and the
200 °C-treated electrode layers are rather amorphous and therefore similar electrochemical
performance is expected. In fact, the electrode layer treated at 300 °C shows remarkably
different electrochemical behavior than the previous ones. Sharper and more intense peaks
compared to the amorphous and the 200 °C layer can be observed on its incremental
capacity curves (charge and discharge, cf. Figure 9¢,d), and this could be correlated to the
crystal phase structure of the electrode, as previously confirmed with the XRD analyses,
i.e., the heat treatment at 300 °C led to the partial crystallization of the MoOj3 layer. The
300 °C heat-treated MoOj3 layer presented in the differential capacity curve (Figure 9d)
exhibits two strong peaks at 2.4 V and 3 V, observed during the charging process, and two
reversible signals at 2.2 V and 2.6V during discharge, while a peak at 1.4V arises due to an
irreversible electrochemical process; its intensity diminishes with the consecutive cycles.

The multiple peaks during charge/discharge for the layer heat treated at 300 °C can
be explained by its partial crystallization; in other words, Li* was inserted into both the
crystalline and amorphous sites. Since orthorhombic MoOj3 possesses a layered structure,
the peaks at 3V/2.2V, which are in perfect agreement with the literature [46,47], can be
attributed to the insertion/extraction of Li* ions in the interlayers of the crystalline MoOs3,
while the rest of the peaks are assumed to be part of the insertion/extraction of Li* ions in
the amorphous regions of the thin layer.

The as-prepared layer showed good stability throughout the 500 full cycles compared
to the heat-treated layer at 200 °C and more specifically to the layer treated at 300 °C, which
experienced a significant capacity loss and eventually a cell failure after reaching 160 cycles
(see Figure 10). This cell failure was expected, and it is in accordance with the nanoin-
dentation and SEM results that indicate the more brittle structure of the crystalline layer,
which is more prone to the electrochemically induced internal stresses and the concomitant
delamination and detachment from the metallic current collector, which is assumed based
on the nanoindentation and hardness analysis mentioned above. Amorphous MoO3 shows
increased cycling stability, although with less defined electrochemical features, which is in
accordance with previous publications [47].

Discharge capacity (uA.h)

0 1(I)0 260 3(IJO 460 5('JO
cycle number

Figure 10. Capacity vs. cycle number after 500 cycles at 10 C rate of the three differently treated
MoOj3 electrode layers.
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3. Conclusions

In the present work, the structural, nanomechanical, and electrochemical character-
istics of amorphous and crystalline MoOjs thin layers designed for use in rechargeable
Li-ion batteries as their positive electrodes were studied. The as-prepared amorphous layer
showed superior electrochemical performance in terms of higher capacity and longer-term
cycling stability compared to the layer heat treated at 200 °C and especially the layer heat
treated at 300 °C. This superiority is directly correlated to the crystal structure and the
nanomechanical properties of the layers, the XRD results revealed that the as-prepared layer
was rather predominantly amorphous along with the layer, similar to the one heat treated
at 200 °C, whereas the layer heat treated at 300 °C was partially crystalline showing the or-
thorhombic MoOj3 phase. The layers were then analyzed via nanoindentation coupled with
acoustic emissions, indicating that the as-prepared (amorphous) film was the most elastic
and adherent; when testing their mechanical properties, the highest flexibility belonged
to the as-prepared film followed by the layer annealed at 200 °C, while the least flexible
and most brittle layer was the 300 °C heat-treated sample. The tendency for cracking
and delamination of the 300 °C heat-treated film was confirmed in order to have a better
understanding of the impact left after the nanoindentation and images of the layers. SEM
analysis was used through which it was confirmed that the layers heat treated at 300 °C
possessed numerous cracks compared to the other layers; thus, the highest brittleness.
Eventually, it was concluded that crystallinity has, on one hand, a positive effect on the ini-
tial irreversible capacity losses during the battery cell formation period; on the other hand,
it has a negative effect on the cycle-life performance, due to its lesser durability against
the prolonged electrochemical lithium de-/insertion-induced electro-chemo-mechanical
processes. Moreover, it is assumed that its power density performance may be inferior,
caused by the significantly higher electronic resistivity of the cathode layers caused by the
grain boundaries in the more crystallized sputtered thin-film cathodes.
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