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W N e

Abstract: Lithium titanate (Li4TisOq7) is a commercial anode material used for high-power and
long-lifespan lithium batteries. The key drawback of this material is its low electronic conductiv-
ity. Although doping is commonly used to solve this problem, the introduction of dopants also
diminished lattice stability. In this work, we studied fast and slow laser-induced degradation pro-
cesses of single Mn-doped lithium titanate particles and proposed a physicochemical model of their
degradation mechanism. We suppose that the preferable route of LTO alteration is the formation of
amorphous phases rather than crystalline decomposition products. Our results may be useful for
not only developing a nondestructive characterization tool utilizing Raman spectroscopy but also
for understanding other degradation processes, including thermal alteration and structural changes
caused by the intercalation/deintercalation cycles of lithium ions.

Keywords: lithium titanate; Raman spectroscopy; laser-matter interaction; laser ablation; amorphization

1. Introduction

Raman spectroscopy is a common characterization tool in both chemistry and physics,
and its invention in 1928 became an important landmark for modern material science [1].
However, the peculiarities of laser-matter interactions during Raman measurements
have not been extensively studied. The laser-induced degradation during Raman mea-
surement was observed in various electrode materials. The most detailed studies were
performed for LiFePO, with olivine structure [2-7]. Moreover, laser-induced processes
have been described in LiC002 [8,9], 0.6Li[LiO.33Mn0_67]Oz-O.4Li[Mn0.3NiO.45COO_25]Oz [10],
LiMn,O4 [11], and manganese oxides [12], but LisTisO1, with defect structures was con-
sidered robust against laser irradiation during Raman measurement. In this work, we
examined laser-induced processes in Mn-doped lithium titanate (Liz 95Mng 95 Ti5O12, LTO),
a negative electrode material for lithium batteries. To the best of our knowledge, this is the
first report on laser-induced degradation of doped LTO.

This work provides insights into fast and slow laser-induced degradation processes.
We believe this may help to improve the design of in-situ Raman measurements, since
laser-induced processes can continue for extended periods and interfere the studied elec-
trochemical processes. Thus, the influence of slow laser-induced processes becomes crucial
for an accurate interpretation of the results obtained during prolonged in-situ Raman
measurements. In addition, this work illustrates the advantages of single particle ap-
proach to Raman spectroscopy and sheds light on a difference of laser-induced processes
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in Mn-doped LTO (this work) and LFP [7]. Besides the improvement of Raman stud-
ies, the results of this work can be used for better understanding of the wide range of
degradation processes, including thermal alteration and structural changes caused by the
intercalation/deintercalation cycles of lithium ions.

2. Materials and Methods
2.1. Sample Synthesis

Mn-doped LTO was synthesized using the solid-state method with Li,CO3, TiO,, and
MnO; as precursors. An excess of 5% Li,CO3; was added to compensate for Li volatilization
during the heating process. The precursors were mixed in a stoichiometric ratio using ball
milling at 600 rpm for 30 min. Then, the precursor mixture was heated at 720 °C for 1 h and
850 °C for 8 h with a 5 °C per minute heating rate in an air atmosphere to obtain the final
product, Mn-doped LTO. The target stoichiometric presentation was Liz 95Mng g5 TisO12,
but the rigorous study of cites occupancy is outside the scope of this article and therefore
not performed. The discussion of lattice parameters and properties of Mn-doped LTO can
be found in papers [13-16].

2.2. Sample Preparation, Visualization, and Measurements

To obtain a set of single particles, we used a dry deposition procedure by which the
powder sample was deposited and gently distributed over a copper substrate, followed
by dry air blowing to remove aggregates. The dry deposition method, contrary to wet
deposition, helps to avoid the formation of an organic layer after drying out the liquid
phase of suspension (for example, isopropyl alcohol). A copper substrate was used to
minimize the contribution of the substrate to the measured spectrum. Regular laser-made
marks together with a unique pattern of deposited particles and aggregates were used
to accurately locate the particles, study the same particle using different methods, and
perform a series of repeated measurements. The morphology of the particles was imaged
using scanning electron microscopy (SEM, Carl Zeiss Auriga) with an accelerating voltage
of 5 kV and a maximum resolution of 1-2 nm.

Raman measurements were conducted using a confocal Raman microscope (WiTec
Alpha 300 AR). We used the 633 nm laser excitation, 100x objective with NA = 0.75. In
addition to the 633 nm laser, we also tried 488 nm laser and found that the excitation at
633 nm provides more intense Raman spectra for LTO, which is important for submicron
single particle measurements. The spectral measurements were performed using 600 grids
per mm grating with an average spectral resolution of 1.9 cm~!. Single spectra were
measured with a series of 5 accumulations (20 s each). The deconvolution of the Raman
spectra was performed in Peak Fit 4.0 using the Lorentz area functions. The laser radiation
power was adjusted by a precision screw blocking the optical path and with power value
control by Ophir Vega.

Between measurements sample were stored in air at room temperature and the relative
humidity of about 10%.

3. Results

In this work, we report the results of two series of repeated Raman spectra mea-
surements. Both series utilized a single-particle approach with a correlative study of the
characterization of the same particles by Raman spectroscopy and SEM. The first series
allowed us to reveal the effects of laser-induced degradation in doped LTO and provided
insights into fast and slow degradation processes. The second series was used to verify the
results obtained.

3.1. First Series

The first series of experiments comprised two parts—initial and repeated measure-
ments of Raman spectra for several single particles of submicron sizes. The initial experi-
ment included two consecutive measurements using laser powers of 2.2 and 4.9 mW. Seven
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of the measured particles had relatively intense Raman spectra with five main characteristic
Raman bands typical for LTO [17-20]: two Fpg(TiOg) at 230 cm ™! and 272 em ™!, Fpg(LiOg)
at336 cm~!, Eg(LiOy4) at 426 cm~ ! and Aq4(TiOg) at 674 cm™! (Figure 1). Additional minor
bands were obtained at 382, 520, 588, and 740 cm 1. These bands are not attributed to
a specific vibration type but are common for LTO [21]. All these seven particles did not
exhibit any sign of laser-induced decomposition, even at the highest laser power.

J—Y1

4.9 ‘mV‘V

Raman Intensity

200 300 400 500 600 700 800
Raman Shift / cm™

Figure 1. Raman spectra of seven individual particles. The dotted lines indicate the positions of the
main characteristic LTO bands. Probing laser power: 4.9 mW.

About two months after the initial experiment, we repeated Raman spectra measure-
ments for the same seven particles but using a wider range of probing laser power (0.09,
0.23, 0.35, 0.65, 1.2, 2.2, 3.2, 4.1, 4.6, and 4.9 mW). The analysis of the obtained results
revealed three groups of particles: stable (particles #4 and #8); degraded during repeated
measurement (particles #5 and #10); and degraded between measurements (particles #6,
#13, and #19).

In the case of stable particles, particles #4 (Figure 2a) and #8 (Figure Sla), the repeated
Raman spectra showed lower intensities but still contained all the characteristic bands of
LTO. Besides lower intensity, the repeated spectra for both particles demonstrated a larger
Rayleigh peak shoulder and more intense band at about 520 cm ! (rescaled Raman spectra
are shown in Figure S2a,b).

stable degraded during degraded between
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Figure 2. Raman spectra measured at two-month intervals for (a) “stable” particle #4, and
(b) particle #5, degraded during repeated measurement, and (c) particle #6, degraded between

initial and repeated measurements.

Particles #5 (Figure 2b) and #10 (Figure S1b) degraded during the repeated measure-
ments as the probing laser power increased. At moderate values of the laser power, the
typical Raman spectra of LTO were obtained, thus revealing no signs of degradation. The
further laser power increase initiated LTO degradation. Particle #5 degraded at 4.1 mW,
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and particle #10 degraded at 4.9 mW (Figure S3). During the degradation, the Raman
intensity increased, and two new bands near 530 and 610 cm ! became dominant, while
the characteristic bands of LTO weakened (Figures 2b and S1b).

The Raman spectra of particles #6, #19, and #13, also degraded but at stages between
initial and repeated measurements (Figures 2c and Slc,d). The Raman spectra of the
degraded particles were similar to those degraded during measurements but with much
lower intensity. The significant difference between the initial and repeated measurements
allowed us to reveal the degradation process or a series of processes, which happened
between these two experiments.

In addition to the alteration of Raman spectra for particles #5 and #10, the compari-
son of their SEM images obtained before the initial measurement and after the repeated
measurement revealed numerous nanoobjects around both LTO particles, which degraded
during the repeated measurement, and these nanoobjects were not observed for other
particles (Figure 3). Such SEM patterns are typical for laser ablation; however, in this case,
the formation of ablation products was not accompanied by visible particle damage. Both
particles #5 and #10 did not lose their integrity and retained their shapes. The SEM images
of particles #4 and #8 (stable particles), as well as particle # 6, which degraded between
the initial and repeated measurements, did not reveal nanoobjects around the particles
(Figure 3). Please note that SEM images of the single LFP did not reveal such nanoobjects
around the decomposed particles [7].

particle #5 particle #6 particle #10

after before after before after

Figure 3. Particle morphology before and after the repeated action of laser irradiation, visualized
by SEM (a—f) and optical microscopy (g—i). The images in the top row (a—c) were obtained before
the initial Raman spectra measurements. The images in the middle row (d—f) were obtained after
the repeated Raman spectra measurements. The height of the optical images in the bottom layer is
1.5 pm. The arrows are directed from image of particles before laser action to image of the same
particles after it.
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3.2. Second Series

To distinguish between the influences of laser irradiation and the ambient atmosphere
on the degradation processes, the second series of measurements (five experiments per-
formed at two-week intervals) were conducted.

We measured the Raman spectra of 20 LTO particles (numbered from #21 to #40) at
a minimal laser power of 0.09 mW and obtained their SEM images to control possible
laser ablation. The following experiments were performed for two sets of single particles:
verification and control groups. The verification group of 10 particles was exposed to the
full range of the probing laser power (mW): 0.09, 0.23, 0.35, 0.65,1.2,2.2,3.2,4.1,4.6,4.9, 4.1,
2.2,0.65, 0.23, and 0.09. The control group of the other 10 particles was exposed only to the
minimal laser power of 0.09 mW. After the fifth experiment, we performed the final SEM
imaging for both groups. All 20 particles from both groups were stored under the same
conditions on the same substrate near each other, so the difference in their degradation
processes could reveal the role of laser irradiation. The results of such a repeated action of
strong and weak laser irradiations are presented in Table 1.

Table 1. Comparison of degradation processes for control and verification groups (green: non-
degraded particles, red: degraded between measurements, dark red: degraded during Raman
measurement, and yellow: a particle with ambiguous Raman spectra). Second raw helps to.

Exp.— I SEM 1I 1 v \Y% SEM

Day— 01 05 15 16 18 29 32 57 60 71 74 101
#22
#23
#26
#28
#29
#31
#33
#36
#38
#39
#21
#24
#25
#27
#30
#32
#34
#35
#37
#40
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r
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r
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Control group of particles

M imaging
M imaging

=
-y
.

S]
S}

Verification group of
particles(0.09-4.9-0.09 mW)

In the control group, the Raman spectra of all ten particles showed the typical LTO
peaks with no noticeable signs of degradation after more than seventy days and five
measurements at low laser power (Figures S5-514). To minimize the action of laser radiation,
we used minimal power and moderate averaging, so the obtained Raman spectra were
rather noisy but still interpretable.

In the verification group, nine out of ten particles degraded. Particle #30 demonstrated
exceptional stability under the repeated actions of laser radiation and became the only
nondegraded particle in this group (Figure S19). Particles #25 and #27 degraded between
the third and fourth experiments. Particle #24 became the only one degraded directly
during Raman spectra measurement with a drastic increase in Raman intensity, similar to
particles #5 and #10 in the first series of measurements. The degradation of particles #21,
#32, #34, #35, #37, and #40 can be hardly attributed to the specific moment or time interval
since Raman spectra transformations lasted for several experiments.
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To understand the physical phenomena behind the laser-induced degradation of
LTO, we analyzed the dependence of band parameters on the probing laser power. Since
LTO Raman spectra were shown to be dependent on temperature [17,22], this can help to
estimate possible laser-induced heating in Mn-LTO. As shown in Figure 54, the increase
in laser power from 0.09 to 4.9 mW did not result in a noticeable change in parameters
for major and minor bands. Thus, we assumed that laser-induced heating was either
absent or insignificant. Some perturbation at low laser power can be attributed to the low
signal/noise ratio and the errors of peak deconvolution.

The analysis of SEM images (Figures 515-524) showed that all ten particles from the
verification group, including particle #10 (steady particle), demonstrated some amount of
nanoscale objects around and above them. All ten particles from the control group had no
such objects (Figures S5-514).

4. Discussion
4.1. Interpretation of Raman Spectra after Degradation

The obtained results allowed us to assume that the laser-induced degradation process
can be described as a phase transition “order” — “disorder” or, in other words, laser-
induced amorphization. The intense Rayleigh peak shoulder (or bands below 200 cm 1)
and Raman bands near 530 and 610 cm ! are rather typical for copper oxides [23,24], which
could be formed due to the surface oxidation of the copper substrate. In most cases, this
natural oxide layer is rather thin and provides a Raman response of low intensity. For a
well-structured Mn-doped LTO particle, the Raman response from the substate is partially
blocked by the particle and suppressed by intensive LTO bands, thus exhibiting itself
only by the intensive Rayleigh peak shoulder. When the particle became amorphous, the
intensities of LTO bands decreased, and the response from the underneath copper oxide
layer became notable. Further, chemical reactions taking place during Mn-doped LTO
degradation and physical processes during ablation can accelerate the surface oxidation of
the copper substrate, thus making its Raman response more intense. The argument against
this explanation is the position of Raman bands since the characteristic band of copper
oxide takes place at 620-630 cm 1 [23,24].

The laser-induced amorphization was consistent with the preceding growth of the
band at about 520 cm ! in the repeated spectra for particles #24, #25, and #28 (Figure S2a,b,e).
In works [20,21,25-27], this band is attributed to the presence of defects, so the growth of
its intensity could be attributed to particle degradation. In addition, we observed a similar
trio of bands for Raman spectra for the single particles of LiFePO, and LiCoO, deposited
on the oxidized copper substrate (Figure S25). In the case of single particles deposited on
silicon and glass substrates, these bands were not observed.

Another possible explanation is that laser irradiation drastically increases surface con-
ductivity, and the particle bulk becomes screened. Moreover, due to Mie scattering [28-30],
such a core—shell particle may drastically change its properties, thus increasing its trans-
parency and making the response from the copper oxide layer more pronounced.

An alternative explanation of laser-induced degradation is a phase transition “order”
— “order” or, in other words, laser-induced decomposition. This type of stimulated
phase transition was observed in LiFePOy [3-7,31-34] and LiCoO, [8]. Laser-induced
decomposition means that the bands near 530 and 610 cm~! may be attributed to some
decomposition products. The most expected reaction is

LisTisOqp — 3-TiO, + 2-Lip TiO5 1)

Rutile TiO, has two dominating bands at about 609 cm ™! (A1g mode) and 443 cm™!
(Eg mode) and a series of minor bands, including ones at 230 cem ™! and 690 cm ™! [35].
Li;TiOj3 is characterized by the dominant band at 656 cm ™! and a dominant doublet at
401 cm~! and 418 cm ™! [35]. There are two bands in-between and a few more below
400 cm ™!, but all of them are minor. With some modifications, rutile TiO, and Li, TiO3
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can explain bands near 610 cm ! and 420 ecm !, but, at the same time, cannot explain
the dominant band near 530 cm ! and an intensive Rayleigh peak shoulder. The Raman
spectra of rutile TiO; + Li; TiO3 mixture were given in [36], and all of them had a broad
valley between 480 and 550 cm .

Another possible candidate is anatase TiO, [37,38]. The dominating Eg band at about
144 cm~! is narrow and usually well-resolved. It can broaden for nanoscale anatase TiO,,
but this is accompanied by its shift toward higher wavenumbers [38], so this band cannot
be confused with the Rayleigh peak shoulder. Other major bands of anatase TiO, are
located at about 400 cm ! (B1g), 520 cm™! (B1g together with Ajg), and 640 cm~! (Eg) and
represent themselves as standalone bands. These bands can also broaden and form a broad
triplet for nanoscale particles, but their positions are still poorly suited to the trio of bands
420,530, and 610 cm ™! observed in this work.

Altogether, these considerations suggest laser-induced amorphization rather than
laser-induced decomposition.

4.2. Physicochemical Model of Stimulated Degradation

Based on the results obtained, let us conclude about “fast” physical and “slow” chemi-
cal stimulated degradation processes. “Fast” degradation is induced directly by the action of
laser irradiation during Raman measurement. “Slow” degradation takes place in-between
measurements when laser irradiation is switched off. Two stages of the stimulated degra-
dation of Mn-doped LTO can be explained by the combined action of the copper substrate
with a water layer and the laser excitation of the system copper substrate-water—-air-doped
LTO particle.

4.2.1. Stimulated Amorphization

The pristine LTO is a highly reflective material with low light absorption. Its white color
indicates a large bandgap, which has been generally reported between 1.8 and 3.8 V [39],
prohibiting interband excitations by visible light. The extremely low electronic conductivity
of pristine LTO means that conduction and valence bands are predominantly empty and
filled, thus drastically decreasing the probability of intraband transitions. These properties of
pristine LTO make it very durable against laser irradiation and explain why laser-induced
degradation was not reported previously.

Doping drastically changes the optical properties of LTO. It loses its exceptionally
white color, its electronic conductivity grows, and the bandgap becomes narrower [16,39].
The probability of both intraband and interband excitation by visible light significantly
increases. This free-carrier absorption provides energy, which destabilizes chemical bonds
directly from electronic excitation [40]. We think that some part of this absorbed energy is
transferred into heat, but this effect is minor since we do not see Raman band shifts and
broadening (Figure S4). The bond destabilization in a large volume of irradiated particles
can result in the loss of long-range order or, in other words, laser-induced amorphization
of crystalline LTO particles.

A similar effect of laser-induced amorphization is also observed in conventional
semiconductors [41,42]. Amorphization is a common result of laser action during Raman
measurements, but since it can be revealed mainly by the decreased Raman intensity, it is
usually not reported. In most cases, Raman studies are made in powder, so the measured
spectra contain the collective response of many particles [43—47]. The decrease in Raman
response from one amorphizing particle is somehow concealed by the responses from
underneath layers and nearby particles. We suppose that bond destabilization is more
likely to happen near imperfections, such as defects and grain boundaries. The presence of
copper substrate can significantly accelerate the chemical bond destabilization. The surface
roughness of the copper substrate can amplify the electromagnetic field of the probing laser
by localized plasmons, thus enhancing laser-induced transformation [48].

Please note that the observed degradation processes for Lizg5sMn ¢5TisOqy differ
drastically from ones, reported earlier for LiFePOy, another oxide, used as an electrode
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material for lithium batteries. Even though authors have concluded about laser-induced
amorphization for one of studied LFP particle [7], the dominating result of laser irradiation
was decomposition with the formation of decomposition products. The SEM images
revealed not the ablation but the partial or complete melting-down of the decomposed LFP
particle, not observed for Liz 9g5sMng 05 TisO12.

4.2.2. Stimulated Transport of Molecules and Ions into the Volume of Irradiated Particles

The most intriguing processes happened after the stimulated Mn-doped LTO amor-
phization. The formation of amorphized regions around imperfections may enable trans-
port of molecules from the particle surface to the bulk, and the obtained results showed
that this process continued even after switching the laser irradiation off. We suppose that
the remnant water layer at the copper substrate can be the main reason behind the slow
degradation processes taking place between measurements. The following explanation
is based on the presence of water, but the similar transport of molecules and ions can be
supposed for other forms of sample contamination. The main accent was made on water
since it can be found on a surface of almost any material in contact with the atmosphere [49].

Although Raman spectra measurements were performed in the atmosphere with
relative humidity <10%, the copper substrate was previously exposed to an ambient
atmosphere with relative humidity up to 30-50%. The substrate surface was not dried
using argon plasma etching, so some remnant layer of water was natural [50-52]. When
a particle was deposited at a substrate with a water layer, the capillary effect led to the
formation of a meniscus (see, for example, [50,51,53]), thus increasing the area of the
particle-water interface. The thickness of the water layer/meniscus was expected to be few
monolayers either in ice-like (ordered) [53,54] or liquid [55] states.

In the case of solid-state synthesis, particles are polycrystals with some fraction of
grain boundaries and defects. We assumed that laser irradiation increased the fraction of
imperfections in the particles. These interphases and imperfections may act as channels for
water transport from the surface into the particle bulk. The pattern of grain boundaries
and imperfections is a fingerprint of the particle under study, and its concentration and
location relative to the substrate vary from particle to particle.

The water-induced degradation of LB electrode material is rather common but supposed
to be too slow to have a notable effect on the properties of the particle under study (or powder
in general). However, during RS probing, such a particle being in contact with the remnant
water layer is exposed to the action of laser irradiation. The penetration depth of laser beam is
not well studied for LTO but keeping in mind the relatively small sizes of studied particles
and results obtained for LiFePOy [43], let us assume that some amount of laser irradiation
reached the copper substrate underneath Mn-LTO particles. This laser radiation was partially
absorbed, thus heating both substrate and contiguous water layer. Regardless of its initial
state (ice-like or liquid), this combined excitation by laser irradiation and heat accelerates the
transport of water or its products into the particle bulk, thus initiating degradation processes
not only in the point of contact but also in its vicinity.

Besides increasing the water molecules transport via grain boundaries, there are some
other possible effects of the combined action of laser irradiation and water. Water could
better penetrate through grain boundaries in the form of H;O* and OH™ ions, resulting
from the electric-field-induced dissociation of water [56,57]. In addition, laser radiation may
stimulate the formation of CHy4 and other hydrocarbons due to the reduction of ambient
CO;, on a copper substrate in the presence of water [58]. In these terms, the copper substrate
could stimulate not only physical laser-induced processes but also chemical ones.

4.2.3. Combined Result of Fast and Slow Stimulated Processes

We could hardly describe all the possible chemical reactions stimulated by laser
irradiation and the copper substrate in and near Mn-doped LTO in the presence of water
and ambient atmosphere, but we suppose that these induced transformations consist of a
series of fast and slow processes.
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Before the action of laser irradiation, the system Mn:LTO particle-copper substrate—
water meniscus—air is in equilibrium or, at least, in the metastable state (Figure 4a). Primary
laser action during Raman measurement initiates two processes (among others): a fast
physical process of partial amorphization for the whole particle and slow chemical processes
at the triple point particle-water—air in the vicinity of the copper substrate (Figure 4b).
After switching the laser radiation off, the fast physical process ends but slow chemical
processes continue (Figure 4c). Possibly, this is because the catalytic action of the copper
substrate remaining active even without laser irradiation.

focused laser beam focused laser beam
water d ded ablation_*,
meniscus €graae products
vqume

(b) (d)

Figure 4. Schematic illustration of the laser-stimulated degradation of a polycrystalline particle on a
copper substrate: (a) before the initial measurement, (b) during the first laser action, (c) after the first
laser action, (d) during the repeated measurement. The dotted red line illustrates the geometry of the
laser beam.

The following secondary action of laser radiation affects the altered particle, so the
result of the same action may differ from the primary one. Besides further laser-induced
amorphization, one should consider the action of laser irradiation on the products of
a chemical reaction. The amount of decomposition product should vary from particle
to particle due to the variation of water meniscus size, the concentration of the grain
boundaries (or other defects) near the triple boundary point (Figure 4), and the variation
of laser-matter interactions [43]. In some cases (particles #5 and #10 for the first series of
measurements), this amount is enough to initiate the fast physical process of laser ablation
of the decomposition products (Figure 4d), while in other cases, it was not insufficient
(particles #4 and #8).

4.2.4. Laser Ablation of Decomposition Products

The laser ablation of the decomposition products but not LTO itself explains the
coexistence of the particle with unchanged morphology and nanoobjects nearby (compare
Figure 3d,f and Figure 4d). For example, LiFePOj, particles also degraded under the action
of laser irradiation, but its surface changed notably, and laser ablation products were not
observed [7]. Since the Mn-LTO particle interacts with water meniscus at the vicinity of the
particle-substrate contact point, the supposed local decomposition should take place in its
bottom part, while its upper part, visualized by SEM, remains undamaged.

Ablation products were distributed nonuniformly near particle #10 (Figure 3f) and
almost uniformly near particle #5 (Figure 3d) and all the particles in the verification group
for the second series of measurements (Figures 515-524). Moreover, in the case of the
verification group, the nanoparticles attributed to ablation products can be found not only
near LTO particles but even on them. This peculiarity can be easily explained by the
redeposition of ablation products.

The nonuniform pattern was observed for particle #10, which degraded during the
final action of laser irradiation with the maximal power. This nonuniform pattern may
somehow correspond to the nonuniformity of grain boundaries near the substrate or
multiple contact points with water meniscuses. Particle #5 degraded at 4.1 mW, and
after this, it was irradiated one more time with a laser power of 4.9 mW. The particles in
the verification group of the second series of measurements were subjected to numerous
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irradiations with varied power. So even if the initial patterns of ablation products were
unique for each particle, the repeated laser irradiation made these patterns more uniform,
covering the particles themselves.

4.2.5. Possible Laser-Induced Crystallization

The action of laser irradiation on semiconductors can induce both the amorphization of
crystalline materials and the crystallization of amorphous ones [59]. In our case, we did not
observe the reverse crystallization of amorphized particles but could suppose a kind of laser-
induced “rejuvenation.” First, we can mention particles #23 and #38 (Figures S6 and S13),
which were supposed to be partially degraded but lately somehow restored their Raman
spectra. In addition, particles #28, #29, and #33 worsened in some experiments but lately
improved (Figures S8, S9 and S11).

We suppose that the effect of laser-induced rejuvenation of partially amorphized LTO
particles is possible but not so pronounced, especially for the verification group with its
exposition to large laser irradiation. We suppose that the reversibility of physical transfor-
mations is largely overbalanced by the irreversibility of the induced chemical processes.

4.2.6. The Discussion about Further Verifications of the Proposed Physicochemical Model

In this work we suppose the essential role of the surface water layer in the observed
laser-induced degradation. At the same time, as we noted in the beginning of Section 4.2.2,
the proposed explanation is suitable for other forms of surface contamination or gases in
the atmosphere. The emphasis is made on the water layer since it is a common reason for
lithium battery material degradation. Its presence is expected in most experiments, but its
role is often underestimated.

The verification experiment for the dried sample in the inert atmosphere is obviously
eligible but was not conducted in this work for several reasons. First, the objective of this
experimental work is to report the degradation of doped LTO. The purpose of Section 4.2,
proposing a physicochemical model is not the close the discussion, but to open it.

Another important point is that the study of the degradation processes without pres-
ence of the water layer is possible, but this will be another experiment studying other
physicochemical processes. As it was shown earlier, the Raman study of LTO in inert
atmosphere induces changes in its Raman spectra, possibly, due to a laser-induced oxygen
non-stoichiometry [20]. The same problem is with a sample dehydration. To clean the
surface of a substrate, one should better use argon plasma etching. It is not clear who is to
completely remove a water from a powder sample and how this dehydration will change
the properties of the studied sample. We are welcome water-free experiments but would
like to warn that such an experiment requires very careful preparation.

4.3. Possible Implications

How can the results demonstrated in this work be used by other research groups? Let
us mention three recommendations.

First, even though Raman spectroscopy cannot be considered a nondestructive charac-
terization tool for doped LTO, it still can be used for structural studies. If the degradation of
some studied volume is not crucial, researchers can use a safe laser power. The only point is
that some unidentified Raman spectra can be attributed to degradation products or substrates.

Second, the main issue of slow laser-induced degradation is that it complicates the use
and interpretation of in-situ Raman experiments. Although we do not know the possible
laser-induced chemical reactions when the particle under study is surrounded not by air but
by electrolytes, one can still suppose the presence of slow degradation processes, which may
become significant for long lasting electrochemical studies. To avoid the misinterpretation
of results, one should study possible degradation processes under specific conditions.

Third, we believe that besides limitations and obstacles, laser-induced degradation
can be used as a convenient model to understand other forms of degradations, for example,
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thermal degradation [60] or gassing during cycling [61], especially ones taking place in the
vicinity of copper current collectors.

5. Conclusions

A single-particle approach with the correlative analysis of the Raman spectra and SEM
images made it possible to reveal that the laser-induced degradation of Mn-doped lithium
titanate is fundamentally different from that of lithium-iron phosphates, reported by us
earlier. In the case of Liz g5sMny ¢5Ti5sO17, the observed laser-induced degradation consists
of fast and slow processes. We suppose that the action of laser irradiation during Raman
probing results in partial nonthermal amorphization in the vicinity of grain boundaries
and other imperfections via direct bond destabilization. Besides direct laser-induced
degradation, the accelerated water transport from the meniscus at the contact point of
particles with the copper substrate into the particle bulk. The repeated action of the laser
irradiation may result in the laser ablation of the degradation products observed as a
nanoparticulate pattern around the particles.

Since the laser irradiation as an excitation only stimulates and accelerates phase
transitions, but does not define its pathways, we can suppose that the preferable route of
LTO alteration is the formation of amorphous phases rather than crystalline decomposition
products. This is an important finding since these amorphous phases are hard to detect by
conventional characterization techniques. This supposition requires further verification,
and we have demonstrated this can be done by the proposed single particle approach,
which allows us to study laser-induced amorphization and the following ablation of the
degradation products. In addition, the reported findings may be used for the study of
degradation processes during heating or prolonged electrochemical cycling.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /batteries8120251/s1, Figure S1: Raman spectra measured at
two-month intervals for (a) “stable” particle #8, and (b) particle #10, degraded during repeated
measurement, and particles (c) #13 and (d) #19, degraded between initial and repeated measurements;
Figure S2. Rescaled Raman spectra measured at two-month intervals for “stable” particles (a) #4 and
(b) #8, particles (c) #6 and (d) #19, degraded between initial and repeated measurements, and particles
(e) #5 and (f) #10, degraded during repeated measurement; Figure S3. Raman spectra evolution with
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The dependence of Raman spectra parameters on the laser power for five single particles; Figures
55-524. The evolution of Raman spectra for various particles. Figure 525. Comparison of (a,d) LTO,
(b,e) LCO, and (c,f) LFP particles on a copper substrate after laser-induced degradation.
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