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LiNi, sMn, ;0, Thin Films Grown by Magnetron Sputtering

under Inert Gas Flow Mixtures as High-Voltage Cathode
Materials for Lithium-lon Batteries

Hamideh Darjazi,” Inaki Madinabeitia,™“® Maider Zarrabeitia,™ %" Elena Gonzalo,

[b]

Begofia Acebedo,” S. Javad Rezvani,”” Francisco José Fernandez-Carretero,”

Francesco Nobili,>" Alberto Garcia-Luis,'”’ and Miguel Angel Mufioz-Mérquez*!

Delivering a commercial high-voltage spinel LiNigsMn,sO,
(LNMO) cathode electrode for Li-ion batteries would result in a
significant step forward in terms of energy density. However,
the structural ordering of the spinel and particle size have
considerable effects on the cathode material’s cyclability and
rate capability, which are crucial challenges to address. Here, a
novel mid-frequency alternating current dual magnetron sput-
tering method was presented, using different Ar-N, gas
mixtures ratios for the process gas to prepare various LNMO
thin films with highly controlled morphology and particle size;
as determined from X-ray diffraction, Raman spectroscopy and

Introduction

In an attempt to strengthen the position of Li-ion batteries
(LIBs) in the continuous quest for more efficient and better
performant electric energy storage systems, the implementation
of cathode materials is driven by their impact in terms of cost,
safety, sustainability and electrochemical performance, espe-
cially high voltage and high power.™

Spinel lithium manganese oxide (LiMn,0,), also known as
LMO, is one of the few cathode materials used in commercial
LIBs.> The interest in this manganese oxide-based electrode
material is nested in its low-cost, earth-abundance, environ-

a, b]

electron microscopy. It resulted in enhanced cycling and rate
performance. This processing method delivered N-containing
LNMO thin film electrodes with up to 15% increased discharge
capacity at 1C (120 mAhg™") with respect to standard LNMO
(grown under only Ar gas flow) thin film electrodes, along with
outstanding rate performance up to 10 C (99 mAhg™) in the
operating voltage window 3.5-4.85 V vs. Li*/Li. Besides, electro-
chemical impedance spectroscopy results showed that the
intricate phase transitions present in standard LNMO electrodes
were almost suppressed in N-containing LNMO thin films grown
under different Ar-N, gas flow mixtures.

mental friendliness, ease of preparation, and thermal stability,
which is ultimately linked with improved safety. Beyond the
economic and environmental perspective, the spinel LMO
structure, with space group Fd3m, exhibits a closed-packed
array of oxygen (32e sites), where Li and Mn atoms are located
at 8a tetrahedral and 16d octahedral sites, respectively. Thus,
intrinsically providing three-dimensional (3D) Li* ions pathways
which facilitate Li* ions diffusion during cycling (Figure S1a).”
However, the drawbacks of 3D tunnel structured spinel LMO
material, i.e. fast capacity decay upon cycling, poor perform-
ance at high temperature due to Jahn-Teller distortions, and
the disproportionation reaction of Mn**(solid) to Mn?* (solution)
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and Mn**(solid), have been determined as main challenges that
are currently limiting their practical application.®™®

To overcome these obstacles, one of the approaches is the
partial replacement of Mn by Ni, resulting in the formation of
spinel LiNiysMn, s0, (LNMO).”! Indeed, LNMO has become one
of the most studied positive electrodes for developing LIBs
thanks to its enhanced cycling behavior, namely, the high
operating voltage of 4.7 V vs. Li*/Li and good specific capacity
of 147 mAhg '3

Two different LNMO crystallographic structures exist, linked
to various Mn** and Ni** ions arrangements in the lattice."'"
One is the ordered LNMO, P4,32 space group (SG), where the
Ni, Mn, Li, and O atoms occupy 4b, 12d, 8c, and 8c/24e
positions, respectively (Figure S1c). This structure displays a
cation ordering so that the oxidation state of Mn is exclusively
Mn**, which can isolate the active Ni****** redox centers,
resulting in poor C-rate capability response.”'*'>'® The other
possible structure is the disordered face-centered LNMO (space
group Fd3m), where Mn has multi-valence states of Mn** and
Mn®*, and the atoms’ arrangement is similar to LMO where Ni
and Mn atoms are randomly located in 16d sites,"*'® as shown
in (Figure S1b). The presence of Mn** in the disordered spinel
LNMO tends to increase the electrical conductivity of the
material, hence enhancing the C-rate capability. However, at
the same time, the concentration of Mn®>* should be limited as
it can result in poor cycling stability due to Jahn-Teller
distortion and associated side reactions.”'®

The morphology, particle size and cation ordering play a
crucial role in addressing low cycling stability and C-rate
capability, which are the main factors preventing the commerci-
alization of LNMO.®"7'® This highlights the importance of the
synthesis route and its control when aiming at the obtention of
a competitive LNMO electrode. The electrochemical perform-
ance can be improved by using nanometric size materials,"
such as nanoflakes,®® nanofibers,*'?? nanotubes,®® and
nanorods® due to their enhanced electronic transport and Li*
ion shorter diffusion pathways, leading to faster insertion and
extraction kinetics.®*’ Many routes have been pursued to
synthesize nanosized LNMO, namely, hydrothermal, solid-state,
electrospinning, self-templating, co-precipitation, sputtering,
etc.®'¥ |n this framework, well-crystallized LNMO thin films with
nanoflake morphology were prepared by mid-frequency alter-
nating current (MF-AC) magnetron sputtering and post-anneal-
ing synthetic route that has been recently explored for the up-
scaled production of LNMO as high-voltage Li-ion battery
cathode.” Among all physical vapor deposition techniques, the
MF-AC magnetron sputtering method has many advantages
that make it a prominent candidate for industrial production of
thin-film batteries, such as enabling the deposition of insulating
thin films avoiding target poisoning (i), achieving a tighter
control of the film chemical composition (i), and working in the
kHz range in contrast with the most extended radiofrequency
(RF) magnetron sputtering (iii) which works in the MHz range,
thus simplifying the power delivery and the power supply
technology employed for the process while achieving higher
deposition rates.
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Herein, a nitridation process has been considered to
improve the electronic conductivity of the LNMO and,
ultimately, its electrochemical performance.”* The MF-AC
magnetron sputtering process in different Ar-N, gas mixture
ratios has been proposed to prepare various LNMO thin films
with highly controlled morphology, size, and crystallinity. This
will help us to understand and control the role of LNMO
nitridation in electrochemical performance.

Experimental Section

Thin films preparation

LNMO thin films were deposited using a semi-industrial CemeCon
CC800/8 unit based on the mid-frequency AC dual magnetron
sputtering technology. The cathode deposition was performed
onto 316 stainless-steel (SS) spacers of CR2032 coin cells that also
acted as current collector (Hohsen Corp. thickness 0.5 mm,
diameter 16 mm). Thus, simplifying the subsequent electrochemical
investigations while preventing the utilization of more expensive Al
or Cu current collectors. To hold the SS in front of the magnetron
target and to ensure the homogeneous coating of a circular area
(diameter of 12 mm) in the SS disc center, a circular mask with a
centered 12 mm diameter was utilized. The distance between the
SS substrate and target was set to 75 mm, and a maximum AC
power of 300 W was applied to the single phase 176 cm* LNMO
targets (Toshima manufacturing Co., Ltd.). The LNMO sputtered thin
films were grown using different Ar-N, mixtures as process gas,
namely LNMO_0% N,, LNMO_50% N,, LNMO_75% N,, and LNMO_
100% N,, and following the deposition conditions listed in Table S1.
The thickness of all LNMO thin films was 1um, which, as
determined in a previous study, delivers the best electrochemical
performance.”® Following the growth conditions described in this
previous study, the crystallization of the LNMO electroactive phase
required post-annealing at 600 °C for one hour under air flow at a
heating rate of 5°C/min, using an alumina crucible as a sample
container. After the thermal treatment, the samples were allowed
to cool down freely.

Thin films physicochemical characterization

The atomic structure, phase, morphology and composition of the
grown films have been characterized using a wide variety of
experimental techniques. The atomic structure of the films was
studied by means of X-ray diffraction (XRD) using a Bruker Advance
D8 diffractometer with Co radiation (Co K, 4=1.78897 A,
1.79285 A). The Rietveld refinement of the XRD patterns was
performed using the FullProf software.®” Raman spectroscopy was
used to identify the obtained phase by means of a Renishaw InVia
confocal microscope equipped with a 50x objective and a green
(523 nm wavelength) laser with 2 um spot size operating at
0.5 mW. The morphology was analyzed by Scanning Electron
Microscopy (SEM) via a FEI Quanta-200FEG microscope at accelerat-
ing voltages between 10-30 kV. The surface roughness of the thin
films was investigated by Atomic Force Microscopy (AFM), and the
images were obtained using an Agilent 5500 microscope operated
in tapping mode with Si tips (NT-MDT). AFM image analysis and
calculation of the surface roughness were performed using
Gwyddion software.®?" Further morphological and crystallographic
characterization was performed on thin film powder scratched from
the SS substrate using a FElI Tecnai G2 Transmission Electron
Microscopy (TEM) instrument with a 200 kV field emission gun.
Information about the elemental composition of the films was
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obtained from Energy Dispersive X-ray spectroscopy (EDX) at the
TEM microscope.

The samples’ composition and local structure was probed by means
of X-ray absorption spectroscopy (XAS) carried out at the 8.1
bending magnet (BEAR end-station BL8.1L) of the ELETTRA
synchrotron facility in Trieste (ltaly). The spectral energy was
calibrated using C 1s-m* transitions. The incident light was
unpolarized, and the incidence angle of the light with respect to
the sample surface plane was kept fixed at 45°.%7 High-quality XAS
measurements on the electrodes were performed in total electron
yield mode.®**” The measurements were performed on various
points of the sample to check for uniformity and possible
degradation: no radiation damage was observed.

Cells assembling and electrochemical tests

Electrochemical characterization was conducted on CR2032 type
coin cells (Hohsen Corp.) assembled inside an MBraun Ar filled
globe box (H,O and O, values below 0.1 ppm). The cells were
composed of the grown LNMO thin films as working (positive)
electrode and metallic lithium disks (@ =14 mm, Rockwood Lithium,
battery grade, 99.8%) as counter and reference (negative) elec-
trode. 1 m LiPF; in ethylene carbonate (EC)/dimethyl carbonate
(DMQ) (1:1 in volume) (Solvionic, 99.9%) was used as electrolyte
and glass fiber (GE Healthcare, GF/D grade) as separator.

The long-term cycling performance of LNMO thin film electrodes
was evaluated with a Maccor Series 4000 battery tester cycling the
cells at a current rate of 1 C, where 1C is assumed as 147 mAg™’
(with respect to active material mass). In the first six cycles, low
current rates (C/10, C/5 and C/2, two cycles each) were used to
ensure the proper formation of the electrode-electrolyte interphase
(EED). In addition, the response of the thin film electrodes at
different current densities was also evaluated with a C-rate
capability protocol that, after the formation cycles, started at C/10,
increasing every five cycles up to 10 C (C/10, C/5,C/2,1C,2C,5C
and 10 C), and straight back to C/10. Finally, the EEI stability, as well
as the electronic and ionic transport properties, have been further
studied by means of Electrochemical Impedance Spectroscopy (EIS),
collecting impedance spectra of the cell during the initial charge
every 25 mV in the frequency range of 15 mHz to 100 kHz. The
measurements were performed using 3-electrode EL-CELL ECC-Ref
cell applying 2h of rest before EIS data acquisition to ensure
equilibrium conditions.

Results and Discussion
Structural investigation

The spinel LNMO can crystallize in two different structures,
namely ordered phase (S.G: P4;32) and disordered phase (S.G:
Fd3m). The XRD patterns of the LNMO films grown by magnet-
ron sputtering under different Ar-N, process atmospheres are
presented in Figure 1. Due to the absence of some weak peaks
at 20~24°, 35°, 40°, 46°, 47°, and 57°, which are characteristic
of the ordered structure,"® the diffraction peaks can be indexed
according to the structure of disordered spinel LiMn, sNiys0,>"
Moreover, additional diffraction peaks were detected at 20
around 43.5°, 44.5°, 50.7°, 64.7°, and 74.5° that correspond to
stainless steel substrate (space group: Fd3m and Im-3m). Besides
this contribution, there are no distinguishable impurities.
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Figure 1. XRD patterns of LNMO thin films grown under different Ar-N, gas
flow mixtures (0%, 50 %, 75 %, and 100 %).

In fact, due to the similarities between both crystalline
structures, the identification of the phase ordering by XRD is
rather complex. In contrast, Raman spectroscopy is a suitable
method to identify the phase ordering since it is highly sensitive
to crystal symmetry.®” The ordered spinel LNMO is expected to
show the Raman vibrational modes A, (638 cm™), F,," (609
and 591 cm™), F,;? (495cm™), E; (406 and 382cm™), Fp?
(324 cm™") and two more modes at 241 and 221 cm™'. Mean-
while the disordered spinel LNMO is expected to show the
following vibrational modes: A,; (636 cm™), F,,™ (597 cm™),
Fio? (496 cm™), E; 399 cm™), and Fy® (335 cm™).5*" The
Raman spectroscopy results obtained from all the grown LNMO
thin films are shown in Figure 2, where all the listed vibrational
features can be observed. The vibrational modes A, (640 cm™),
Fi” (600cm™), Fp® (500cm™"), E; (400cm™), and F,,”
(340 cm™") appear in the Raman spectra, while the additional
peaks at ~218 and 237 cm™' corresponding to the ordered
LNMO phase are not observed here,®¥ suggesting that disor-
dered spinel LNMO is obtained. The strong peak ~640 cm™ is
assigned to the stretching vibration mode of Mn—O, which
corresponds to the vibrational stretching of the MnOg octahe-
dral groups, while the peak around 600 cm™ is attributed to
the Ni—O band.”*** Meanwhile, the intensity of A, (640 cm ™) is
higher than the peak intensity of F,,” (600 cm™) for all thin
films, which confirms the existence of a disordered structure.”
The strong peak around 500 cm™' (Fzg‘z’) and the weak spectral
feature at ~400 cm™' (E,) correspond to Ni**—O lattice bond
vibrations.®®

As confirmed by Raman and XRD results, all LNMO thin films
display a disordered spinel structure. The XRD patterns were
refined via the Rietveld method to determine the lattice
parameter of the different LNMO thin films. The results are
shown in Figure S2 of the Supplementary Information, XRD

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85UB0 1 SUOWILIOD BAIER.D) 3edt|dde ay) Aq peusenob /e sojoile YO 8Sn JO Se|n. J0j Akeiq1 8uljuo A1 UO (SUONIPUOD-pU-SWBIW0Y A3 | ARe1q 1 fBul|UO//:SANY) SUONIPUOD pue Suwe | 81 88S *[202/20/T2] uo Ariqiauliuo A8|IMm ‘outioL 1A 1ljod Ba [q!g ‘SIS oulo L 1g 001udsijod Ag 00T02Z0Z 2B9/200T 0T/10p/wod A3 |1 Aelqiuljuo adoins-Als Leyo//:sdiy wouy pepeojumoq ‘s fe20Z ‘91209612



ChemElectroChem

Research Article

doi.org/10.1002/celc.202201004

Chemistry

Europe

European Chemical
Societies Publishing

F2g i

(340)
{400) "

100% N,

Intensity /arb. units

£ L L i L L : : L
100 200 300 400 500 600 700 800
Raman shift f/om’

Figure 2. Raman spectra of LNMO thin films grown under different Ar-N, gas
flow mixtures (0%, 50 %, 75 %, and 100 %).

patterns could be satisfactorily fitted using the Fd3m space
group.

The lattice parameter of LNMO_50% N,, LNMO_75% N,,
and LNMO_100% N, was found to be 8.201(2) A, 8.1989(6) A,
and 8.171(1) A respectively, which are slightly smaller than that
of LNMO_0% N, (8.218(2) A), suggesting that the lattice
parameter decreases as the N, flow increases (Table 1).

These variations can be correlated with the entrapping of
nitrogen into interstitial crystal sites,*" compressing the
structure and thus decreasing lattice parameters and cell
volumes.

On the other hand, High Resolution TEM (HRTEM) was
performed to investigate the LNMO structure via lattice spacing
determination from Fast Fourier-Transform (FFT) of the HRTEM
diffraction fringes. Thus, corroborating the disordered spinel
structure for all thin films, shown in Figure 3. Indeed, for all
samples LNMO_0%, 50%, and 100% N, (panels b, f, j in
Figure 3), the lattice fringes can be correlated with the {111}
interplanar spacing of the spinel phase. Electron diffraction
rings were carefully analysed and indexed (panels ¢, d, g, h, k, |
of Figure 3). The lattice rings of all samples indexed to (111),
(220), (311), (222), (400), (133), (511), (044), (513), (444), (117),
and (535) correspond to diffraction from LNMO spinel structure
(Figure 3m). The diffraction rings of (111), (200), (202), (113),

Table 1. Unit cell parameter and cell volume of LNMO thin films grown
under different Ar-N, gas flow mixtures (0%, 50 %, 75 %, and 100 %).

Sample Lattice parameter Cell volume
[A] [A°]

0% N, 8.218(2) 555.081

50% N, 8.201(2) 551.582

75% N, 8.1989(6) 551.143

100% N, 8.171(1) 545.567
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and (222) planes are assigned to Fe-gamma from stainless steel
substrate (Figure 3n), while the rings indexed as (110), (200),
(112), and (220) correspond to Fe-alpha from stainless steel
substrate (Figure 30). The electron diffraction patterns are rather
complex with many lattice rings very close to each other;
however, it can be observed that the diameter of LNMO lattice
rings slightly increased by increasing the N, concentration in
the process gas, which further supports the LNMO lattice
parameter decrease as nitrogen is introduced in the structure;
in excellent agreement with the results obtained from Rietveld
refinements of the XRD data.

In this study, EDX was used for the compositional analysis of
LNMO. The results are shown in Figure S3 and Table S2 of the
Supplementary Information. The results obtained from collect-
ing the EDX spectra at two different positions (EDX1 and EDX2
in Figure S3) for every sample support the expected stoichiom-
etry (LiNigsMn,;0,). Low traces of light elements such as
nitrogen are below the detection limit. This is why nitrogen can
only be detected for the LNMO_100% N, sample.

To explore more in detail the thin films spinel structure and
composition, XAS experiments were performed on LNMO_0%
N,, LNMO_50% N,, and LNMO_100% N, samples. XAS measure-
ments were carried out on the K edge of carbon, oxygen and
nitrogen, and on the L edge of manganese and nickel.

The XAS results indicate that the structure and chemistry of
the LNMO remain stable upon nitridation. No significant change
is observed in the C, O and Ni edges upon nitridation.
Meanwhile, the Mn edge (Figure 4c) shows a minor broadening
upon an increase of N flow in the process gas: being the peak
width 2.20 eV for LNMO_0% N,, 2.30 eV for LNMO_50% N, and
2.45 eV for LNMO_100% N,. This broadening can be due to
distortion of the crystalline structure and/or bond formation
between Mn and N, increasing the Mn valence state. At the
same time, the N edge (Figure 4e) reveals the presence of
several peaks that could be assigned to C—N and O—N bonds
from chemisorbed nitrogen.”? However, we can assume that
the eventual N chemisorption is the same for all samples.
Therefore, since there is no evidence of N-based compounds,
the increase of the component at ~401.5 eV upon increase of
the nitrogen flow in the processing gas could be assigned to
the insertion of the N into the structure interstitial sites. This
would be in agreement with the XRD and TEM observations
that report a decrease of the cell parameter upon nitrogen
uptake.

Morphological investigation

Figure 5 depicts SEM images, recorded at two different
magnifications (20000x and 40000x), of the LNMO thin films
surface grown with different Ar/N, ratios in the process gas
flow. As seen in the figure, except for the LNMO_100% N, all
other LNMO thin films exhibit a homogeneous crystallite shape
and size without cracks and pin holes. The crystallites have
flake-like morphology, which may result in faster charge transfer
kinetics of Li* ions” With the addition of nitrogen to the
process gas, the crystallites increase the surface area and the

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U80 17 SUOLULLIOD BATEBID 3|eot dde 8Ly Aq paueAob 88 SO VO ‘88N JO S3|NJ 10§ ARIqIT BUIUO 481 UO (SUORIPUOD-PU.-SLBIALIOD" A3 I ARe1q) 1)U 1 UO//SAIY) SUORIPUOD PUe SW L 8L3 89S *[202/20/T2] Uo A%iq1]auliuo A3]IM ‘0UL0L 1A 1iod BA [1F SIS 0ULOL 14 001u38Y1[0d AJ $00T0ZZ0Z 2R9/200T OT/I0p/L0o" A3 1M AReiq1feutjuoadoune-Alis weyo//sdny wouy pepeojumoq ‘¢ fez0z ‘91200612



ChemElectroChem

Research Article

doi.org/10.1002/celc.202201004

Chemistry

Europe

European Chemical
Societies Publishing

LNMO Fe-gamma

220
12

200

110

Figure 3. TEM images of LNMO thin films with different Ar/N, ratio in the process gas flow, corresponding to LNMO_0% N, (a-d), LNMO_50% N, (e-h),
LNMO_100% N, (i-1), and indexation of the diffraction rings for the identified phases (m-o).

flake-like morphology is more pronounced (Figure 5¢,d). Further
addition of nitrogen into the process gas resulted in more
changes in the surface morphology where the crystallites
reduced their size while keeping the flake-like morphology, as
presented in Figure 5e-h. This morphology change can be due
to the combination of two effects, on the one side, the presence
of nitrogen in the sputtering atmosphere can decrease the
kinetic energy and mobility of the transition metal adatoms,
because of the affinity of nitrogen with transition metals,”? on
the other side, by decreasing the Ar concentration in the
process gas, the diffusion rate of N, along the grain boundary
sites decreases,*” as a result, the arrangement into larger
crystals may be hindered, and more discontinuities in the

ChemElectroChem 2023, 10, 202201004 (5 of 10)

crystallite morphology are introduced, resulting into smaller
powder gains. This behavior is confirmed by XRD patterns,
where significant intensity loss and broadening of the diffrac-
tion peaks can observed when increasing the N, flux.

Despite the morphology changes, all the thin films show
uniform morphology across the sample, which might be an
essential benefit in terms of electrochemical performance
because the LNMO can be capable of buffering the volume
change of Jahn-Teller distortions associated with the spinel
structure.”

Since some cracks were observed at high magnification
(Figure 5g), additional SEM images were recorded at lower
magnifications of 1000x and 2000x, as shown in Figure S4, to

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 4. XAS spectra collected on the carbon K edge (a), oxygen K edge (b),
manganese L edge (c), nickel L edge (d) and nitrogen K edge (e) for LNMO_
0% N, (blue), LNMO_50% N, (green), and LNMO_100% N, (orange) thin
films.

obtain more information on the surface of the thin films when
using N, flows above 75 %: samples LNMO_75% N, and LNMO_
100% N,. At these low magnifications, bubbles can be seen on
the surface of both samples. This would be in agreement with
the presence of gaseous species, which expanded from the
subsurface region towards the surface of the films during heat
treatment, resulting in the observed surface irregularities. The
sample grown with 100% N, (Figure S4c,d) appears to have
larger bubbles on the surface than the sample grown with 75%
N, (Figure S4a,b). The presence of bubbles suggests that, when
growing the film with high N, flux, part of the nitrogen cannot
be incorporated into the lattice structure of LNMO. Moreover,
the bubbles would hinder the interparticle contact of the LNMO
crystallites.

Following morphological investigations, to provide further
insights into the surface morphology evolution and roughness
of the LNMO thin films, tapping-mode AFM measurements
were carried out. In order to ensure that the AFM results
represent the whole sample, several points over the sample
were probed. The 3D surface morphology of the thin films is
illustrated in Figure 6, where the surface features of the
different thin films can be observed.

ChemElectroChem 2023, 10, 202201004 (6 of 10)

Figure 5. SEM images of the surface of the LNMO thin films grown with
different ratio of Ar-N, flow, corresponding to LNMO_0% N, (a,b), LNMO_
50% N, (c,d), LNMO_75% N, (e,f), and LNMO_100% N, (g,h). Images have
been recorded at two magnifications: 20000x and 40000x.

0%N, 50% N,

& eaﬂm

Figure 6. 3D surface morphology of the LNMO thin films grown with
different Ar-N, flow ratio.

Furthermore, the AFM amplitude images of the thin films
(Figure S5a), which provide better insight into morphological
features and edges, and AFM topography (Figure S5b), used to
measure the average roughness of the surface (the obtained
values are listed in Table S3) are all included in the Supporting
Information. AFM observations have shown that the thin film
crystallite size decreases when adding 50% N, flow, represent-
ing a 2D crystal growth, which is in good agreement with the
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results obtained by SEM. The increase of surface roughness
(Table S3) is detected for the film processed only with 100% N,
flow (100% N,), which can be due to the surface defects
(formation of cracks) already observed by SEM. These surface
defects might be related to the fact that in the LNMO_100% N,,
there is an excess of N, flux, where this excess is releasing from
the materials creating cracks. As a result, the AFM results
confirm the SEM observations and complement the informa-
tion.

Electrochemical investigation

To evaluate the effect of nitridation on the electrochemical
performance and cycling stability, all LNMO thin films were
galvanostatically tested at 1 C rate in the operating voltage
window 3.5-4.85 V vs. Li*/Li (low current rates - C/10, C/5 and
C/2, two cycles each - were used in the first six cycles for
electrode conditioning), shown in Figure 7a. Regarding the
delivered initial discharge capacity upon electrochemical cy-
cling at 1 C after activation, the LNMO_0% N,, LNMO_50% N,,
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Figure 7. Electrochemical performance of thin films made in mixture Ar-N,
flow containing N, flow at a ratio of 0%, 50%, 75%, and 100% : cycling
performance (a), and rate capability (b) in the operating voltage range of
3.5-4.85V vs. Li*/Li.
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LNMO_75% N,, and LNMO_100% N, exhibit an initial discharge
capacity of 104.7, 112.9, 120.0, and 104.5 mAhg™", respectively.

To evaluate the response of the thin films at different
current densities, the LNMO thin films were tested to find their
C-rate capability, charged and discharged from C/10 to 10C
and back to C/10 in the 3.5 - 4.85V vs. Li*/Li voltage window.
Figure 7b presents the discharge capacity as a function of the
current density rate. According to these results, the LNMO_75 %
N, electrode delivers the best rate performance at all C-rates.

The LNMO-75% N, electrode shows a high discharge
capacity of 120 mAhg™" at C/10 and 99 mAhg™" at 10C. In
contrast, 104 mAhg™" at (/10 and 65.6 mAhg™' at 10C is
delivered by LNMO_0% N,. The coulombic efficiencies of
LNMO_75% N, at C/10 (at initial cycle) and 10 C are 51.87%
and 98.78%, respectively, while LNMO_0% N, exhibits lower
coulombic efficiency values of 47.2% and 96.5% at the same C-
rates. The superior rate performance of LNMO_75% N, could be
attributed, on the one hand, to the enhanced conductivity of
cells resulting from N insertion and, on the other hand, to the
observed morphological and structural properties, where the
smaller particle size improves the Li*-ion diffusion. The electro-
des grown with 0% and 100% N, flow have similar C-rate
capability profiles, while LNMO_50% N, delivers higher capacity
and better rate performance at different current densities.

The long-term stability of the LNMO_0% N, and LNMO_
50% N, were evaluated at a higher cut-off voltage of 5V by
cycling the cells at 1 C for 700 cycles, and the results are shown
in Figure S6 of the Supplementary Information. Again, the first 6
cycles were electrode conditioning cycles at low current
densities. The LNMO_0% N, and LNMO_50% N, at 1 C in the
voltage range between 3.5V and 5 V deliver, after the activation
cycles, initial discharge capacity values of 114 and 120 mAhg™',
respectively. After 700 cycles, LNMO_0% N, and LNMO_50% N,
exhibit reversible discharge capacity of 84.3 and 86.2 mAhg',
corresponding to a capacity retention of 74% and 72%,
respectively. In the 1% and 700" cycle, the corresponding
coulombic efficiencies of both thin films are similar, with values
around 50% and 98%, respectively. It should be mentioned
that LNMO_75% N, exhibits a considerable drop in the specific
discharge capacity when cycled at cut-off voltage of 5 V. This
can be due to the accumulation of side products generated
from electrolyte decomposition, as expected in materials with
small particle size (high surface area), which ultimately results in
poor cycling performance.

In order to shed light on the Li*-ion kinetics upon electro-
chemical cycling, electrochemical impedance spectroscopy (EIS)
characterization has been carried out by collecting sequences
of EIS spectra during the first oxidation for LNMO_0% N, and
also for N-containing LNMO_50% N, owing to its good
performance at both cut-off voltages, namely 4.85 and 5V vs.
Li*/Li. The selected sequences of Nyquist plots corresponding
to the relevant potentials for the LNMO_0% N, are shown in
Figure 8, while Nyquist plots for the LNMO_50% N, are
illustrated in Figure 9. The Nyquist plots present the typical
features of cathode electrodes for LIBs.***® It can be observed
at a glance that the LNMO_50% N, shows one order of
magnitude lower overall resistance values compared to that of
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a1 T ) impedance starts increasing for the LNMO_0% N,. This can be
| ) . 16000 3.95V " . .
bod B o 410V due to the transition between multiple cubic phases of
so0000} | 4 pisid LNMO."¥ In the 4.35-4.67 V vs. Li*/Li voltage range, Figure 8c
g | ¥ 3009"’4/ ooy % R 5 demonstrates that the overall impedance drops for the LNMO_
N ':‘(‘/’ s 372V 8000 Fit / 0% N, sample. In the case of LNMO_50% N, shown in
. /{? . oy Figure 9a—c, as the potential approaches to the beginning of
g the deintercalation peak (3-4.67V vs. Li*/Li), the overall
o Fy impedance spectra and the large arc at low-frequency pro-
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Figure 8. The corresponding Nyquist plots for LNMO_0% N, during the first
oxidation at different voltage values.
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Figure 9. The corresponding Nyquist plots for LNMO_50% N, during the first
oxidation at different voltage values.

the LNMO_0% N,. However, both cells show a similar trend
during operation. The Nyquist plots in Figs. 8a and 9a reveal
that at 3.5V<E<395V, a large arc is developed at low-
frequency (labelled as A in Figure 8a), and two overlapped
semicircles at middle- and high- frequencies (denoted as B in
the inset). Panels ‘A’ reveal that by increasing the potential, in
other words extracting the Li*-ions, the low-frequency arc starts
to bend towards the real axis. However, as the deintercalation
proceeds and the potential is further increased in the range
from 395V to 435V wvs. Li*/Li (Figure 8b), the overall

ChemElectroChem 2023, 10, 202201004 (8 of 10)

gressively become smaller. The decrease of the low-frequency
semicircle resistance values can be correlated with the phase
transitions that occur on the LNMO upon Li*-ion extraction.
Above 4.67 V vs. Li*/Li (Figures 8d, 9d), the trend to form a
great arc “"A” in the low-frequency region can be observed for
both samples, which can be due to the formation of the rock
salt-like LNMO phase: for the LNMO_0% N, sample, this
behaviour is more evident."”

In order to clarify this behaviour and distinguish the
contribution of each process to the overall resistance values, all
the impedance spectra have been fitted to the equivalent
circuit  of Ry (ReeCee) (RarCol) ([ReiecWICaed) GG in Boukamp's
notation® with RelaxIS software (rhd instruments, Germany).
The R, represents the electrolyte resistance at the highest
frequency intercept. Rgy, and Cg are related to the resistance
and capacitance of the electrode-electrolyte interphase (a
semicircle at high-frequencies), R and Cp to the charge-
transfer process, and double layer capacitance (a semicircle at
middle frequencies), and R,.. corresponds to the electronic
resistance with the associated capacity (C,.) from the charge
accumulation at the surface of the particles and/or at intra-
particle crystallite domains (the third semicircle at low-fre-
quency, marked as A). The W (Warburg diffusion) and C
(intercalation capacity) are observed by sloped line at the
lowest frequencies associated to Li*-ion diffusion to a blocking
electrode. To consider any inhomogeneities or roughness of the
electrodes, all the C elements have been replaced by constant-
phase elements Q.

The trend of each resistance value determined by the EIS
fitting is shown in Figure 10a,b for LNMO_0% N, and LNMO_
50% N,, respectively. As previously observed in Nyquist plots,
all resistance values, i.e., Ry, Ree, Rer, and Ry, decreased with
nitrogen doping. The R... drops for both cells upon Li*-ion
extraction. However, the R values of LNMO_0% N, (Fig-
ure 10a) show some oscillations in the range of 3.95-4.35V vs.
Li*/Li. This suggests a lattice rearrangement (the evolution of
multiple cubic phases), leading to poor Li*-ion diffusion in the
LNMO spinel, consistently with the results from Li et al.”
Besides, at a higher 4.67 V vs. Li*/Li, the Ry increased. This
may be related to the well-known formation of a rock salt-like
phase at high voltages due to the migration of some transition
metal ions from 16d to 16¢ sites.*” Even so, comparing the Re.
at the lithiated state to that of the delithiated state, the lower
values obtained at 5.0V suggested that the LNMO becomes
less electronically insulator by extracting Li*-ion. This is related
to the fact that the conducting domains become rapidly
interconnected.”****? The mentioned phase transitions of
LNMO_0% N, seem to be suppressed by nitrogen doping, as
suggested the R, (Figure 10b). This is due to the fact that the
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Figure 10. The fitted resistance values during the first charge, a) LNMO_0%
N, and b) LNMO_50% N,.

diffusion of Li*-ion enhances the stability of the charge transfer
interfaces via decreasing lattice mismatch and structural stress
upon the charge and discharge.””!

In the case of R values, both samples show relatively
constant values. However, as in the case of R, values of
LNMO_0% N,, R values increase in the 3.95-4.35V vs. Li*/Li.
The increase can be due to the fact that R also affects by the
phase transitions and changes due to rearrangements of the
electrode-electrolyte interface. Moreover, when further Li*-ions
are extracted (4.67 V vs. Li*/Li), the R values increase again.
This can be due to rock salt-like phase formation. Meanwhile,
the LNMO_50% N, thin film exhibits lower and more constant
Rcr values upon the 1° delithiation, where it decreases up to
4.85V and then slightly increases up to 5V due to structural
rearrangement.

Finally, the Rey and R, are constant upon the 1* oxidation
for both samples. However, the Ry, and R, values for the
LNMO_50% N, thin film are around one order of magnitude
lower than the LNMO_0% N, thin film, in agreement with the
higher Coulombic efficiency values. These results suggest a
more stable electrode /electrolyte interfacial behaviour.

ChemElectroChem 2023, 10, 202201004 (9 of 10)
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& Ru Reet R R Conclusions

1000000
I' .Y A AR H A H AR L} |—|CF e The MF-AC magnetron sputtering facile synthetic method, a
Tooace e Ce prominent candidate for thin-film battery industrial production,
o000} was proposed for the preparation of LiNijsMn,; 0, (LNMO)
= cathode materials with highly morphology-controllable size,
E 1000 | and crystal particle growth. The nitridation process was
% proposed to improve the electrical conductivity and electro-
© 1w00f - chemical behaviour by preparing thin films in Ar-N, mixtures,
S P A POt P Ll namely LNMO_0% N, LNMO_50% N, LNMO_75% N, and
or LNMO_100% N,.The Raman spectra and XRD studies confirmed
1t the disordered structure of all LNMO thin films. According to
e e " @s w2 42 awm o ah o En SEM and TEM images, the particle size decreased by adding
E/Nvs. Li*/Li nitrogen into the process gas. The partial nitrogen could not be
incorporated into the lattice structure of LNMO_100% N,,
— © R Reel Ror Reee resulting in cracks on the film’s surface during annealing and a
(b) high roughness value. The specific discharge capacity values
100000 k- and rate capability were enhanced by further increasing the Ar/
PR R R - N, ratio to 50% and 75 % due to their enhanced morphological
10000 f T and structural characteristics, and improved conductivity.

According to EIS results, nitridation had considerable impact on
enhancing electronic and electrochemical performances and on
suppressing the phase transitions. These results would support
the integration of N in the LNMO structure, so the electro-
chemical performance of this cathode material was improved,
particularly its interfacial stabilization.

Indeed, this is a route that must be optimized if high
voltage positive electrodes are to be used in Li-ion batteries
with higher energy density and much less dependence on
critical raw materials such as Co.
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