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Abstract: Lithium-ion batteries have been commonly employed as power sources in portable devices
and are of great interest for large-scale energy storage. To further enhance the fundamental under-
standing of the electrode structure, we report on the use of multi-wavelength Raman spectroscopy for
the detailed characterization of layered cathode materials for Li-ion batteries (LiCoO,, LiNixCoj_xO»,
LiNij ;3Mn1 /3Co1,/30;). Varying the laser excitation from the UV to the visible (257, 385, 515, 633 nm)
reveals wavelength-dependent changes in the vibrational profile and overtone/combination bands,
originating from resonance effects in LiCoO;. In mixed oxides, the influence of resonance effects
on the vibrational profile is preserved but mitigated by the presence of Ni and/or Mn, highlight-
ing the influence of resonance Raman spectroscopy on electronic structure changes. The use of
UV laser excitation (257, 385 nm) is shown to lead to a higher scattering efficiency towards Ni in
LiNi; ;3Mn; ,3C01 /30, compared to visible wavelengths, while deep UV excitation at 257 nm allows
for the sensitive detection of surface species and/or precursor species reminiscent of the synthesis.
Our results demonstrate the potential of multi-wavelength Raman spectroscopy for the detailed char-
acterization of cathode materials for lithium-ion batteries, including phase/impurity identification
and quantification, as well as electronic structure analysis.

Keywords: lithium-ion batteries; cathode; LiCoO,; NMC; resonance Raman spectroscopy; multi-
wavelength excitation; UV Raman spectroscopy

1. Introduction

Li-ion batteries already play a dominant role as power sources for portable devices.
They are also of great importance regarding the development of larger scale devices used
in more demanding applications, such as electric vehicles, allowing us to shift the power
source in ground transportation from internal combustion engines to electrical propul-
sion [1]. Starting from LiCoO,, alternative cathode materials have been developed, includ-
ing olivine LiFePOy, spinel LiM,Oy (for instance, M = Ni and Mn), layered oxides of LIMO,
(for instance, M = Ni and Co, Mn), and lithium-rich layered oxides xLi,MnO3(1 — x)LiMO,
(for instance, M = Ni and Co, Mn) [2,3] An important aspect regarding optimization, con-
cerns the (partial) replacement of cobalt by other 3d transition metals, i.e., nickel and/or
manganese, due to availability and costs. While LiNiO, shows a higher specific capacity
than LiCoO, it possesses a low stability for storage; additionally, it is difficult to correctly
adjust its stoichiometry. For example, Liu et al. reported a substantial capacity reduction
from 215 mAh/g to 165 mAh/g after LiNiO, storage for a month, while storage for a year
resulted in a completely inactive material [4]. On the other hand, NMC oxides with the com-
position LiNij ;3Mnj ,3Co07 /30, can achieve a reversible specific capacity of 200 mAh/g [5],
whereas for lithium-rich oxides xLi,MnO3(1 — x)LiMO,; (such as, M = Ni, Co and Mn),
even higher capacities of over 250 mAh/g were demonstrated [6,7]. While mixtures of
the three transition metals, Ni, Mn, and Co, are already used commercially, a detailed
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understanding of their functioning and degradation will be important for developing the
next generation of cathode materials [8,9].

Raman spectroscopy proved to be a powerful method for the characterization of electrode
materials for lithium-ion batteries, providing important structural information, complemen-
tary to XRD, and enabling microscopy and in situ/operando measurements [10-18]. In
addition, its application is straightforward, requiring no specific sample preparation. The
scattering intensity of a solid material in normal Raman spectroscopy depends on a variety
of factors, including the concentration and the Raman cross-section, and typically shows a
weak dependence on the wavelength of the exciting laser. In contrast, in resonance Raman
spectroscopy, which is based on the excitation of an electronic transition, a strong dependence
on the laser wavelength is observed, providing access to enhanced Raman cross-sections
and unique Raman signatures of different compounds or components within a material [19].
This may be of particular importance for the characterization of materials with a structural
complexity, such as cathode materials for Li-ion batteries, which are known to exhibit complex
vibrational signatures. In addition to sensitive phase identification, the resonance Raman
spectra may be used for structural characterization under working conditions of the battery,
as previously demonstrated for LiCoO,-based composite cathodes by using visible excitation
wavelengths [20].

As a result of the variations in electronic structure, the exploitation of resonance
enhancements for materials characterization requires, in principal, a wavelength tunable
excitation laser to meet the resonance conditions for the electronic transitions of the material
under study, but more frequently, lasers with fixed excitation wavelengths are employed.
While Raman spectroscopy has been increasingly applied to cathode materials for Li-ion
batteries [8,10,12,13], only few studies exploited the resonance Raman effects of layered cath-
ode materials, ie., LiCOOz [20,21], L1N102 [21], LiMl’le4 [22], LiNiO.8COO.15A10.Q502 [23],
LiNiXan_xO4 [24] and LiNi1/3C01/3M1‘11/302 [25].

In this contribution, we present a multi-wavelength Raman spectroscopic study on
layered cathode materials (LiCoO,, LiNixCo1_xOy, LiNi; ;3Mn; ,3Co04 ,30,) for Li-ion bat-
teries. By using excitation ranging from the deep UV to the visible (257, 385, 515, 633 nm),
we investigate for the first time the wavelength-dependent structural behavior of common
cathode materials, thereby exploring the influence of resonance Raman effects on the spec-
tral behavior. We discuss the potential of multi-wavelength spectroscopy, including UV
Raman excitation for (electronic) structure analysis, quantification, phase and impurity
identification, in battery materials.

2. Experimental Section
2.1. Preparation of Cathode Materials

For the preparation of the LiNixMnyCo,O, materials, we applied the Pechini process
to ensure a statistical distribution of the cations [26]. Briefly, as precursors, LiNO3 (Merck
KGaA, >98%), Co(NO3),-6H,O (Merck KGaA, >99.0%), Ni(NOs3),-6H,O (Puratronic,
>99,99%), Mn(NO3),-4H,0 (Sigma Aldrich, 97%) and citric acid (AppliChem, >98%) were
employed. After their dissolution in water, we added dropwise a concentrated ammonia
solution (25%) until a pH value of 5 was reached. We then added ethylene glycol into the
suspension and set the temperature to 180 °C for 6 h. As product, a black solid was obtained,
which was first ground and then pre-calcined at 450 °C for 6 h (heating rate: 1.5 °C/min),
yielding a brown powder, which was ground. LiCoO, was calcined at 800 °C for 20 h
(heating rate: 20 °C/min), LiNiyCO;_4O; at 775 °C for 10 h (heating rate: 20 °C/min)
and LiNi; ;3Mn; /3Coq /30, (NMC) at 900 °C for 15 h (heating rate: 20 °C/min). LiNiO,
(Sigma-Aldrich, >98%) and other reference compounds were commercially available.

2.2. Characterization

Raman Spectroscopy. UV Raman spectra were recorded on a triple-stage spectro-
graph (Princeton Instruments, TriVista 555), equipped with a charge-coupled device (CCD,
2048 x 512 pixels) and by using 256.7 and 385.1 nm radiation generated by a Ti:sapphire
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laser and frequency conversion crystals (Indigo Coherent). The spectral resolution of the
spectrometer was approximately 1 cm~!. Great care was taken of the potential UV-induced
effects, by using a UV Raman setup with a large spot size (0.6 mm?). The setup was based
on a spherical mirror for laser excitation and parabolic mirrors for the collection of the
scattered radiation. Based on this setup, we can avoid sample damage when using a low
laser power of 3 mW. The analysis of the UV Raman data included cosmic ray removal and
background subtraction. Prior to each measurement, the focus conditions were optimized
using boron nitride (BN, 99%).

The Raman spectra at 514.5 nm excitation were recorded with an argon ion laser
(Melles Griot), whereas for 632.8 nm spectra, a diode laser (Ondax) was employed as
the light source. The Raman spectrometer (Kaiser Optical, HL5R) was equipped with an
electronically cooled CCD detector (256 x 1024 pixels), and characterized by a spectral
resolution of 5 cm~! and a wavelength stability of better than 0.5 cm~!. We adjusted the
laser power to 0.8 mW as measured at the sample position. The Raman analysis included
a cosmic ray removal and an auto new-dark correction. The acquisition time for a single
spectrum was 600 s, including the application of a cosmic ray filter and subtraction of the
dark spectrum (laser off).

In the following, the Raman excitation wavelengths 256.7, 385.1, 514.5, and 632.8 nm
will be referred to as 257, 385, 515, and 633 nm, respectively.

Diffuse Reflectance UV-Vis Spectroscopy. For recording the diffuse reflectance (DR) UV-
Vis spectra, we employed a UV-Vis spectrometer (Jasco V-770) and used D2 and halogen
light sources. For analysis, a reaction cell (HVC-MRA-5, Harrick Scientific) was employed.
MgO powder was used as a white standard in the same geometry as the sample.

X-ray Diffraction. For X-ray powder diffraction experiments, we employed an X-ray
powder diffractometer (StadiP, Stoe & Cie GmbH) in transmission geometry, using Cu Ky
(A = 1.540598 A; Ge[111]-monochromator) radiation and a Mythen 1K (Dectris) detector,
and Mo Kol (A = 0.70930 A; Ge[111]-monochromator) radiation and a position-dependent
(Stoe) detector. For analysis, the program WinXPOW (Stoe & Cie GmbH) and the program
package GSAS-II was employed [27].

3. Results and Discussion

Prior analysis using multi-wavelength Raman spectroscopy allowed us to character-
ized the layered cathode materials (LiCoO,, LiNip2CoggO;, LiNipgCop,0, and
LiNi; /3Mnq,3C01 /307) by using XRD. The XRD results confirm the phase purity and
high crystallinity of the materials (see Supplementary Materials, Figures S1-53).

3.1. LiCoO,

Figure 1 depicts the Raman spectra of LiCoO, prepared by the Pechini process using
257, 385, 515, and 633 nm excitation. The two Raman active modes (Eg: 486 cm~L; Aqg:
595 cm 1) [28] are clearly visible in all spectra, but show variations in the intensity ratio
with the excitation wavelength. The Eg mode involves mainly O-Co-O bending, and the
Ajg mode Co-O stretching. As suggested by the corresponding UV-Vis spectrum (see
Figure 54) and previously discussed by Gross et al., [20]. Raman spectra with an increased
Ajg/Eg ratio are recorded under resonance conditions, thus leading to the appearance of
overtone and combination bands. This is further supported by the Raman spectra obtained
after the (partial) exchange of cobalt by nickel, as will be discussed below. LiCoO; electronic
transitions, which may be related to resonance Raman effects, are located at around 2.1 eV
(591 nm), attributed to the d—d transition from Coygg to Coeg bands, and above 3.3 eV
(375 nm), originating from Lils to O2p or O2p to Co3d transitions [29].
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Figure 1. Raman spectra of LiCoO, recorded with 257, 385, 515 and 633 nm laser excitations,
normalized to the Eg signal and offset for clarity. (A) Survey spectra. (B) Detailed view of the
overtone/combination band region (marked red in (A)). Note that the spectrum recorded at 257 nm
excitation contains a cosmic ray spike (*) and a signal from residual BN used for focus optimization.

Based on the Raman spectra in Figure 1, the Aj¢/Eg intensity ratios were determined
for all laser wavelengths by using the ratios of the peak heights. For the 633 and 515 nm
excitations, the A1 /Eg values of 0.5 and 1.65 were obtained, in agreement with our previous
study [20]. A further decrease in the excitation wavelength to 385 nm leads to an increase
in the intensity ratio to 5.3, while for deep UV excitation at 257 nm, a ratio drop to 0.4
is observed. Hence, the resonance enhancement of the Ajg band at ~595 cm~! is most
pronounced at the 385 nm excitation, and leads to the appearance of a strong overtone
signal at ~1170 cm ™. The right panel of Figure 1 gives an enlarged view of the overtone
region. Interestingly, in addition to the Ajg overtone signal, additional smaller features
are detected within 950-1400 cm ™1, i.e., at 980, 1070, 1167, 1242, 1320 and 1360 cm~ 1. In
the case of the 257 nm excitation, no overtone signals are detected, strongly suggesting
the absence of resonance conditions. This is also supported by the lower absorption in
the UV as compared to the visible region (see Figure S4). Accordingly, the Raman band
observed at around 1070 cm~! for 257 nm excitation is attributed to a surface species (see
discussion below), whereas the feature at 1360 cm™1 originates from residual BN used for
focus optimization.

In the following, we will address the origin of the Raman features in the 950-1400 cm ™
region. First, it is noteworthy that there is an enhancement of the signals at 980 and
~1160 cm !, which increases with the decreasing wavelength of the excitation laser, i.e.,
633 nm < 515 nm < 385 nm. The appearance of overtones at 633 nm excitation, despite
the lower Aj4/Eg ratio, suggests the presence of a pre-resonance. The application of
group theory to LiCoO, (point group Djq) facilitates the assignment of the observed
Raman features (see Table S1). In addition to the fundamental Eg and Ajg modes, the
band assignments include overtones of the fundamental Raman active phonon modes
(A1g, Eg), the IR active modes (Azy, Ey) and combination bands (Ajg X Eg, Ayy X Ey).
Accordingly, the signal at 980 cm ! is attributed to the overtone of the Eg mode of LiCoO,,
while the weak feature at 1070 cm ! detected for 385, 515 and 633 nm excitations under
(pre-)resonance conditions can be assigned to a combination band of the Ajg and Eg
modes, with a possible contribution from an E, overtone. According to Rao et al. [30] and
Julien [31], the IR spectrum of LiCoO, is characterized by an intense signal at 595 cm ™!
with a shoulder towards higher wavenumbers, which are assigned to the v(MOg)-mode
of a CoOg unit (Ay,). It was postulated that the signal at 595 cm~! originates from the
cobalt ions occupying its regular site and the shoulder at 653 cm ! from cobalt ions in an
octahedral void in the lithium layer; the signal at 526 cm~! was attributed to a §(O-C-O)-
mode (E,). Based on these assignments, the signal at 1167 cm ™! (see Figure 1B) may draw

1
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a contribution from the A,, overtone, in addition to the overtone of the Aqg phonon. The
position of the broad Raman band at ~1320 cm ™! is consistent with the overtone of the IR
active Ay, mode. This shows that the defect structure of cobalt ions in LiCoO, may become
accessible under resonance conditions. The feature at 1155 cm ™! is located very close to
thatat 1167 cm~!, and may draw a contribution from a combination band of the Ay, and
E, modes. Finally, the Raman signal at 1242 cm ™!, only observed for excitation at 385 nm
(see Figure 1B), may result from the overtone of the inactive fundamental Ay, mode. The
assignments of the observed Raman features for LiCoO; are summarized in Table 1.

Table 1. Assignment of the observed Raman bands for LiCoO,.

Fundamental (cm~1) 0vertone/Coﬁr;1b1nat10n Assignment
(cm™1)
E
8
486 980 2E,
1070 2By, Aqg % Eg
595 Alg
1155, 1167 Agy % By, 2A14, 24y,
1242 2Agy
1320 2Aoy

3.2. LiNiyCo1, O,

Figure 2 depicts the Raman spectra of the fundamental (left panel) and overtone/
combination (right panel) band region of LiCoO, and LiNiyCo;_4O; recorded at 515 nm
(A, B) and 257 nm (C, D) excitations. As can be seen in the left panels, the Aj; and Eg
Raman signals show a strong decrease in the intensity and a red-shift with an increasing
amount of nickel, whereas the red-shift is more pronounced for the A;; mode. At first
sight, a similar behavior is observed for visible and UV excitation, as well as for the other
excitation wavelengths (not shown). The presence of the two Raman bands (A1, Eg) for
LiNig »Co gO; is consistent with the formation of mixed nickel-cobalt layers, i.e., a solid
solution isomorphic with the pure phases. The observed red-shift can be explained by
the expansion of the unit cell upon nickel substitution [10]. The increasing Ni content
leads to a broadening of the Raman bands, especially the Eg mode, which is attributed to
cation mixing in the crystal layers of the Ni-rich compounds [21]. The broadening of the
phonon modes in LiNig gCop 2O, makes a more detailed (quantitative) analysis challenging.
Interestingly, in case of 257 nm excitation, an additional Raman feature is detected at around
530 cm 1. Upon closer inspection, such a contribution may also be identified in the visible
spectra of LiNi;_,CoyxO; compounds in this work (see Figure 2A), as well as in the literature
spectra [31]. To the best of our knowledge, the origin of this feature has not been addressed
yet. For the 257 nm excitation, the Raman spectrum of bare LiNiO, exhibits a broad feature
with a maximum at ~520-530 cm ™! (see Figure 5). Hence, the 530 cm~! Raman feature
observed for LiNipgCog 20, may indicate the presence of LiNiO, domains. However, as
UV excitation leads to highest surface sensitivity among the excitation wavelengths used
in this study (see also below), we cannot exclude a contribution from surface phonons.

Upon substitution of cobalt by nickel, the Raman intensity of the fundamental modes
decreases dramatically, independent of the excitation wavelength, as depicted in Figure S5
for the Aqg mode. Furthermore, as can be seen in Figure 2B, the overtone/combination
bands strongly decline and have completely disappeared for LiNig gCo0¢20;. On the other
hand, with the increasing nickel content, we do not detect any new overtone features.
Please note that the features detected in the overtone region for the 257 nm excitation
(see Figure 2D) can be fully accounted for by cosmic ray spikes, surface signals as well as
residual BN used for focus optimization in the UV.
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Figure 2. Raman spectra of LiCoO, and LiNiyCo;_yO, recorded at 515 nm (A,B) and 257 nm
(C,D) laser excitations, showing the fundamental modes (left) and the overtone/combination band
region (right). Spectra are offset for clarity. Note that the spectrum recorded at 257 nm excitation
contains cosmic ray spikes (*), surface signals (*) and a signal from residual BN used for focus

optimization.

The observed intensity changes in the fundamental and overtone region of the Raman
spectra clearly show the influence of nickel on the electronic structure of the mixed lithium
nickel-cobalt oxides. Previously, in the context of lithium deintercalation from LiCoQO5, the
strong decrease in Raman intensity has been associated with a reduction of the rhombo-
hedpral distortion by increasing the Ni content [31] and/or a skin depth effect [32]. To this
end, the literature results suggested a higher electrical conductivity of LiNiO, compared
to LiCoO; [33-35]. From this behavior of the bare oxides, we may expect an increased
electrical conductivity, which decreases the optical skin depth of the excitation laser, thus re-
sulting in a reduced scattering efficiency for the higher nickel content in LiNi;_,CoxO; [32].
As can be seen in Figure 2 and Figure S5, such a scenario is fully consistent with our Raman
results. Note that the Raman spectra show a broadening of the Eg mode with an increasing
nickel content, which is associated with the non-stoichiometry induced by the presence of
extra nickel [36].

The disappearance of the overtone/combination features in Figure 2B demonstrates
that the presence of nickel significantly changes the conditions for resonance Raman
spectroscopy, and thus the electronic structure in LiNi;_CoxO,. The substitution of cobalt
by nickel leads to a gradual disappearance of the overtone/combination bands, but at
the same time, we do not detect any new features in the overtone region for any of the
excitation wavelengths (257, 385, 515, 633 nm), indicative of the presence of new resonance
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effects. While our results highlight the sensitivity of resonance Raman spectroscopy for the
electronic structure changes in LiNi;_,CoxO,, a more detailed description would require
the input from theoretical calculations.

Figure 3 depicts the observed red-shift in A;4 position with an increasing amount of
nickel in LiNixCo1_,O, for 257 nm (A) and 515 nm (B) laser excitations. We observe a linear
dependence of the Ajg position on the nickel content for all the excitation wavelengths,
which give spectra of an acceptable quality, i.e., 257, 517 and 633 nm. From a linear fit
to the data, the slopes of —39.8 & 3.7 cm~1/x (257 nm), —47.3 £+ 2.8 cm~!/x (515 nm)
and —47.8 2.0 cm~!/x (633 nm) were obtained, where x represents the nickel content.
Thus, within the error of the experiment, we find the red-shift of the Aqg mode to be
independent of the excitation wavelength. The right panel also contains literature data
from Julien recorded at 515 nm excitation for comparison [29]. While the dependence of
the A1 position on the nickel content shows the same tendency, a deviation from the linear
behavior was observed, which may be associated with the cation disorder in the mixed
oxide, resulting from the extensive calcination of 15 h at 750 °C (twofold), in contrast to the
10 h calcination at 775 °C applied in this work.

600 600
. A B
] A
. 590 .
590 ..
e e 5804 .
L S
5 A \g ]
Z 580 = 570
%) [} n
o o
o o
= °
< < 5604 515nm
- | |
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Figure 3. Position of the Ajg Raman mode for LiNixCo;_,O, as a function of the Ni content x for
257 nm (A) and 515 nm (B) laser excitations. For comparison, our data for LiNij ;3Mn; ;3Co7 /30,
(red) as well as 515 nm literature data [29] for LiNixCoj_4O; (green) was added.

For comparison, Figure 3 contains data for LiNi; ;3Mn; /3Co01 /30, (NMC), which sug-
gests that the nickel content may be determined quantitatively at 257 nm excitation, while
the use of 515 nm excitation leads to significant deviations from the linear behavior. Accord-
ingly, the Ajq intensity of NMC is consistent with the exponential decay curve obtained
for LiNiyCo;_yO, at 257 nm excitation, in contrast to the 515 nm behavior. Compared
to the mixed lithium nickel cobalt oxides, the NMC material was calcined under harsher
conditions, i.e., 15 h at 900 °C. It thus appears that a 515 nm laser excitation is more sensitive
to the detailed state of the material. A discussion of the Raman analysis of NMC, including
the role of manganese, will be presented in the next section.

To summarize, the above results demonstrate the potential of Raman spectroscopy for
the quantification of the nickel content in LiNiyCo;_4O, materials. The results suggest that
if an appropriate excitation wavelength is chosen, NMC materials and possibly also other
nickel containing layered materials can be analyzed. This is a very promising perspective,
considering the importance of nickel in the development of novel cathode materials.

3.3. LiNi1/3Mn1/3C01/3OZ (NMC)

The Raman spectra of NMC are characterized by a strong dependence on the exci-
tation wavelength. As shown in Figure 4, pronounced differences in the Raman spectra
are observed for the 257, 385 and 515/633 nm excitations. NMC has been proposed to
represent a LIMO, mixed oxide derived from the compounds LiCoO,, LiNiO; and LiMnO,
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(M = Ni + Co + Mn). Considering the first coordination shell only, the Raman spectra of
NMC may be expected to consist of a combination of six signals, with each of the three
oxides, LiCoO,, LiNiO; and LiMnO,, contributing an Eg and Ajg mode [37-39]. However,
as can be seen from Figure 4, due to the complexity of the recorded Raman spectra, an unam-
biguous fit analysis aiming at a quantitative description is not feasible. This is in agreement
with the results of previous studies, showing the challenge of Raman band assignments in
NMC mixed oxides [12]. In this context, it has been pointed that the NMC Raman profile
represents more than the individual contributions (LiCoO;, LiNiO,, LiMnO;) summed
up according to their proportion, and, in particular, the presence of multiple interactions
between metal ions changing their local environments, but also the sample preparation,
the experimental conditions as well as Raman spectroscopic aspects. In the following, we
will therefore discuss the wavelength-dependent behavior of the NMC Raman spectra on a
qualitative basis, which still provides a valuable insight into structural properties.

Raman Intensity/Normalized

300

A 597 LiNiy5Co,;sMn, 50, B . 385 nm i
: - 515 nm .
g —— 633 nm
T —— 257 nm
£
* i S
I 385nm | Z
e Wt pa N P Wty %
515 nm g
£
&
633 nm £
s . T
o
257 nm
T T T T T T T T T T T T T T T T
450 600 750 900 1050 1200 1350 900 1000 1100 1200 1300
Wavenumber/cm’™ Wavenumber/cm’™

Figure 4. Raman spectra of LiNi; ;3Mn; /3C01 /30, (NMC) recorded with 257, 385, 515 and 633 nm
laser excitations, normalized to the Ajg signal and offset for clarity. (A) Survey spectra. (B) Detailed
view of the overtone/combination band region (marked red in (A)). Spectra recorded at 257 and
385 nm excitations contain cosmic ray spikes (*).

Apparently, the Raman spectra of NMC are more complex than those of LiCoOs.
However, an indication for the presence of Co in NMC is readily provided by the over-
tone/combination band region measured by the 385 nm excitation (see Figure 4B), which
shows a Raman signal at 1190 cm~!. As expected, this signal is significantly weaker than
that observed for LiCoO; (see Figure 1B). Nevertheless, its detection at 385 nm excitation
strongly suggests the presence of resonance Raman effects operating in a similar manner,
as in the case of LiCoO,. Consistent with the wavelength-dependent behavior observed for
LiCo0O,, an overtone feature is also observed for the 515 and 633 nm excitations, in contrast
to the deep UV Raman spectrum (see Figure 4B).

The Raman spectra of NMC are characterized by major contributions located at around
494, 597 and 630 cm~!. While these contributions can be clearly observed for all excitation
wavelengths, different intensity ratios are detected for 257, 385 and 515/633 nm excitations.
Upon closer inspection, additional Raman features can be identified as a separate band at
around 380 cm ™! (257, 515, 633 nm) and as a shoulder at around 560 cm ™! (515 nm). Al-
though not directly detectable (as a band or shoulder), the latter feature may also contribute
to the 257 and 385 nm spectra. In addition to the Co-related Eg and Alg features (~494 cm~ 1
~597 cm 1), previous Raman studies on NMC materials have associated features at around
470 cm~! with the presence of Ni, features at around 530 cm ! with the presence of Ni (and
Mn) and features > 600 cm™~! with the presence of Mn [25,37-39]. A smaller contribution
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(shoulder) < 425 cm™! was previously observed for NMC, but also for LiNip §Coq 15Alg.0502
(NCA) materials [12,25,39], thus showing no ion specificity.

Turning to the wavelength-dependent spectral behavior, most noticeable are the differ-
ent vibrational profiles in the fundamental region in addition to the overtone properties
discussed above. Considering the intensity ratios detected for LiCoO; (see Figure 1A),
we can first of all conclude that the presence of Ni and Mn has a pronounced effect on
all spectral profiles. Interestingly, there are major differences in the intensity ratio of the
NMC features around 494 and 597 cm ™! for visible (515, 633 nm), near UV (385 nm)
and deep UV (257 nm) excitations. Compared to LiCoO,, for the visible excitation, the
494 cm~1/597 cm~! intensity ratio () is strongly reduced, whereas for near UV excitation
a slight and for deep UV excitation a strong increase in I is observed. Furthermore, in
case of UV excitation, the spectral profile contains additional scattering intensity at around
530 cm~!. These differences are more pronounced than those detected for the shoulder at
around 630 cm !, which is slightly reduced in intensity for 257 nm excitation, compared
to the laser wavelengths. Hence, we can state that UV excitation emphasizes the Raman
scattering in NMC within 450-550 cm ™. Based on the previous literature assignments
discussed above, phonons in this region may be associated with the presence of Ni and/or
Mn. However, due the absence of major wavelength-dependent differences of the shoulder
feature at round 600 cm ! (and considering its univocal association with Mn), the observed
intensity increase can be related to the presence of Ni. We therefore conclude that the use
of UV laser excitation (257, 385 nm) leads to a higher scattering efficiency towards Ni in
NMC, compared to the visible wavelengths (515, 633 nm).

3.4. Detection of Surface and Precursor Species

Our wavelength-dependent analysis revealed that Raman spectroscopy can be em-
ployed for the detection of surface and/or precursor species in electrode materials. As
we will discuss in the following section, UV Raman spectra, in particular, shows a high
sensitivity towards surface species, such as Li;COs. Figure 5 depicts the Raman spectra
of LiNiO; at 257 nm excitation, in comparison to those of reference compounds. The
spectrum of LiNiO; is characterized by a broad Ni-related feature at around 530 cm™ 1,
which exhibits a shoulder at around 460 cm ™1, as well as additional features at 276, 1065
(shoulder), 1089 and 1454 cm~!. To the best of our knowledge, only the visible Raman
spectra of LiNiO, were reported, to date, showing more pronounced peaks at around 540
and 470 cm !, attributed to the Eg and Ajg mode, respectively [12,32,40]. The additional
signals we detected at 276, 1089 and 1454 cm ™!, can readily be assigned by comparison
with a Li;COj reference (see Figure 5). In particular, the signals at 1089 and 1454 cm~! were
attributed to symmetric and asymmetric carbonate stretching, respectively, whereas the
small feature at 276 cm~! was not covered by calculations [41-43], and the small shoulder
feature at around 1065 cm ! will be discussed below.

The presence of additional (non-oxidic) Raman features was also observed for the
LiNixCo;_4O; mixed oxides. In fact, as can be seen in Figure 2D, at 257 nm excitation, two
signals are detected at 1067 and 1093 cm~!. Based on the above discussion, the signal at
1093 cm~! can be attributed to carbonate. Interestingly, with higher nickel content, the
1093 cm ! signal increases in intensity (see Figure 2D), suggesting an increased affinity of
Ni-rich mixed oxides towards Li,CO3 formation under ambient conditions. On the other
hand, the position of the signal at 1067 cm ™! is consistent with the symmetric stretching
vibration of nitrate, as evidenced by a comparison with the spectrum of a LiNOj3 reference
(see Figure S6) [44]. The presence of nitrate may originate from precursors used for the
synthesis, which were not completely decomposed during the calcination treatment. As
discussed in the context of Figure 1, the Raman spectrum of LiCoO; at 257 excitation shows
a small signal at ~1070 cm !, which does not originate from resonance effects. In light of the
above discussion, an assignment to nitrate stretching seems likely. On the other hand, the
Raman spectrum of NMC (see Figure 4) shows no additional signal indicating the presence
of nitrate. The different behavior may result from the different calcination temperatures for
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LiNixCo1_4O; and NMC. In fact, LiNiyCo;_,O, was calcined at 775 °C (10 h) and NMC
at 900 °C (15 h), strongly suggesting an incomplete decomposition of LiNOj in the case
of LiNixCo1_5O,. In this context, it should be mentioned that for LiNi,Co;_, O, mixed
oxides, a calcination temperature of 775 °C was chosen to minimize the cation disorder [45].
To summarize, the above studies show that deep UV excitation at 257 nm allows for the
sensitive detection of surface species and/or precursor species reminiscent of the synthesis.

Raman Intensity
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Li,CO, ; Li,CO,
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> :
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Figure 5. Raman spectra of LiNiO; and Li;COj (reference) at 257 nm excitation. (A) Low-
wavenumber region. (B) Region within 900-1500 cm~!. Spectra were offset for clarity.

4. Conclusions

The further development of lithium-ion batteries will strongly depend on a detailed
understanding of the structure—stability—function relationships of the cathodes, which
largely limit the energy density and dominate the battery cost. Raman spectroscopy was
shown to be a powerful tool to enhance the structural insight into layered cathode materials
also under electrochemical conditions.

For the further development of the technique towards cathode characterization, we
systematically applied multi-wavelength Raman spectroscopy to common layered cathode
materials (LiCoO, LiNixCo;_xO, NMC) for the first time. The variation of the laser
excitation from the deep UV to the visible (257, 385, 515, 633 nm) allowed us gain new
insight into the (electronic) structure, by analyzing the wavelength-dependent spectral
profiles. For LiCoO,, a resonance effect was observed, which was most pronounced for
385 nm excitation and lead to the appearance of overtone/combination bands, in addition
to the intensity changes of the fundamental modes. In LiNiyCo;_4O;, mixed oxides and
NMC, the overtone features persisted but were mitigated by the presence of Ni and/or Mn,
highlighting the sensitivity of the resonance effect on electronic structure changes.

The use of UV excitation was demonstrated to further enhance the possibilities of the
Raman technique in the context of cathode characterization. First, laser excitation in the
near UV (385 nm) and deep UV (257 nm) was shown to increase the sensitivity towards Ni
in NMC, as compared to the employed visible wavelengths (515, 633 nm). Moreover, using
257 nm laser excitation, we demonstrated that the nickel content in LiNiyCo1_,O, (and
NMC) materials can be quantified, which is of great interest also for other nickel containing
layered materials. Future studies may be directed towards a quantitative analysis of
spectral profiles by combining experiment with theoretical calculations. Secondly, deep
UV excitation at 257 nm was shown to provide a sensitive detection of surface species
and/or precursor species reminiscent of the synthesis. In particular, we identified carbonate
and nitrate species by comparison with reference compounds. To this end, future work
may specify the sensitivity for surface species/impurity detection by a comparison with
dedicated surface and bulk analysis.
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Our results demonstrate the potential of multi-wavelength Raman spectroscopy for the
characterization of layered cathode materials for lithium-ion batteries, allowing for phase
identification and quantification, insight into the electronic structure as well as surface
species/impurity detection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries8020010/s1. Results from XRD diffraction, UV-Vis spec-
troscopy, UV Raman spectroscopy and visible Raman spectroscopy of layered oxide materials as well
as reference compounds.
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