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Lithiummanganese oxide thin films have been deposited on nickel (Ni) and platinum (Pt) coated stainless
steel substrates at room temperature using powder target by Radio Frequency (rf) reactive magnetron
sputtering. The samples are exposed to heat treatment at 500 �C to form crystalline phase. Nickel and
platinum thin film coatings have been carried out using direct current (DC) sputtering. X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and electrochemical
characterizations have been carried out. XPS spectra indicate the presence of all elements present in the
powder target. A discharge capacity of 54 mAh mm�1 cm�2 and 48 mAh mm�1 cm�2 has been obtained from
charge discharge studies in the potential range 2.0 to 4.4 V for the thin film samples deposited on Ni and
Pt coated SS substrates correspondingly Charge discharge cycles are conducted up to 40 cycles.
� 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-
nc-nd/4.0). Selection and Peer-review under responsibility of the scientific committee of the 4th Interna-
tional Conference on Recent Advances in Material Chemistry.
1. Introduction

Li-ion rechargeable batteries represent one of the most promi-
nent research areas for energy storage applications today. Owing
to its long cycle life, high energy density etc., it has become indis-
pensable in microelectronics and portable electronics power
requirements [1–4]. The well-known cathode layers such as
LiCoO2, LiMn2O4, LiFePO4 have remarkable discharge capacity,
longer cycle life and operate in the potential range 3.0–4.2 V vs
Li/Li+. The next generation Li ion battery electrodes should be
non-toxic, environment friendly and inexpensive for faster com-
mercialization. The search for high voltage cathodes in bulk form
as well as in the thin film form has attracted the electrochemical
research community to fabricate high voltage cathodes. Recently,
there are several reports on manganese based oxides with the
composition LixMnOy and LiMnxMyOz (M = Ni, Co, Cr) with spinel
structure to provide high power density and high discharge capac-
ity [5–8]. Among them, the promising material is LiNixMnyO4,
which has high potential, long cycle life, high capacity [8–12]. In
addition, the spinel structure of LiNixMnyO4 provides a three
dimensional pathway for the diffusion of Li-ions, with high poten-
tial and discharge capacities of the order of 120 mAh g�1 in bulk
powder form. Another Li-rich manganese based cathode Li2MnO3

was synthesized by several groups and studied its electrochemical
activity [13–16]. Acid leaching process was performed to modify
the structure with partial removal of Li2O or Li2O2 to transform into
Li2-xMnO3-y [13–16]. The galvanostatis cycling studies provided the
highest discharge capacity of 230 mAh g�1 [15–17]. Because of
higher Mn content in the material, it is also cost effective as com-
pared to cobalt based chemistry and due to lesser density of the
manganese, the volumetric capacity also improves. It was reported
that during the annealing treatment Ni diffuses through grain
boundaries or lattice diffusion [18] and would give the LiNixMnyOz

composition. Diffusion properties of Ni were reported, and it was
stated that Ni atoms diffuse either by grain boundary or lattice dif-
fusion [18,19]. Since Ni2+ approximately has the same ionic radii as
Li+, it facilitates easy cation mixing and some of the Li+ are occu-
pied by Ni2+ in the structure [10]. When the substrate is heated
to 500 �C, Ni can diffuse into lithium manganese oxide films and
ty of the
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Fig. 1. Schematic of powder sputtering (inset shows copper backing plate, 75 mm
dia, 4 mm trench).
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can enhance the performance of the cathode layer. The merits of
powder sputtering have also been reported earlier [20]. Less con-
sumption of the material, slightly higher deposition rates and ease
of making mixed oxides cathodes are the prominent advantages of
powder sputtering. Electrochemical investigations of thin film
samples carried out on the plain SS substrate (uncoated) resulted
in lower potential and faster capacity decay and it was also
reported that the addition of conductive additives to different cath-
ode materials results in improved electrochemical performance
due to decrease of contact resistance [22]. We choose Pt and Ni
as interfacial metallic layer deposited [21,22] on SS substrates of
equal thickness. In the recent literature LiNixMnyOz (x � 0.5,
y � 1.5) and substituted counterparts have been investigated
extensively in large number because of high potential window
(>4.5 V) and high capacity in bulk form (120–140 mAh g�1) [23,24].

The main objective in the current work is to investigate the
phase, surface analysis and electrochemical performance of lithium
rich manganese oxide thin film samples deposited on Ni and Pt
coated SS substrates. In case of Ni, due to its diffusive properties
following annealing treatment, it could facilitate the formation of
LiNixMnyOz thin film phase compound. Similarly, Pt is a good
choice in battery research due to higher electronic conductivity
and chemical inertness. Hereafter the film deposited on Ni coated
substrates is abbreviated as LMNO and the film deposited on Pt
coated substrates is termed as LMO.

2. Experimental procedure

2.1. Thin film preparation using powder target of Li2-xMnO3-y

Li2-xMnO3-y powder was prepared using acid treatment of as
prepared Li2MnO3 powder followed by heat treatment as reported
[17,25]. Approximately 20 g of the lithium rich manganese oxide
powder was used to prepare the powder target and spread in a
copper support plate having a trench of distance 4 mm. The as pre-
pared target made from synthesized powder was used for prepara-
tion of thin films in a vacuum chamber having a base vacuum of
10�6 mbar. Steel substrates (SS304) having 2 mm thickness are
used for film deposition having Ni and Pt as conductive layer. Ni
and Pt films were deposited by DC sputtering and lithium man-
ganese oxide film was deposited by rf sputtering (100W,
13.5 MHz). The process values utilized for the film deposition are
stated in Table 1. Substrate rotation was active during sputtering
for uniform deposition. The thickness of LMO films is 100 nm–
120 nm approximately. A schematic of implementing powder tar-
get for the thin film deposition is shown in Fig. 1 (inset shows cop-
per backing plate, 75 mm dia, 4 mm groove). Pre-sputtering
process was employed for prolonged time at lower rf powers
(25 W) to enhance the compactness in the powder target and to
avoid powder spill out during film deposition at required higher
power.

2.2. Thin film characterization

X-Ray diffraction studies were conducted for thin film samples
by Rigaku smart lab with copper ka radiation (40 mA, 30 KV). Film
Table 1
Experimental process parameters for LMO thin film preparation.

Deposition parameter Value

Pressure 2.0 � 10�6 mbar
Working pressure 2–4 � 10�3 mbar
Working gas 60 SCCM (54 Ar 6 O2)
Power density 2.2 W/cm2

Substrate to target distance 5 cm
thickness was measured by stylus profilometer.Surface morphol-
ogy studies were done using Zeiss ULTRA 55 SEM. X-ray Photoelec-
tron spectroscopy (XPS) studies were carried out using Al electrode
(1486.6 eV) SPECS PHOIBOIS 100 MCD analyser in an inert environ-
ment having vacuum 10�9 mbar. The reference peak for C 1 s is
considered at 284.6 eV. Convolution and deconvolution of the high
resolution spectra of constituent elements were carried out using
CASA XPS software. Shirley type background is considered for peak
fitting and quantification using Gaussian and Lorentzian functions.

To investigate the electrochemical performance cyclic voltam-
metry and chronopoeteniometry studies have been conducted
using half cells. Half cells (homemade Swagelok cells) consist of
LMO thin film as working electrodes immersed in the liquid elec-
trolyte containing 1 M LiPF6 in EC:DEC:DMC. The size of the elec-
trode is 12 mm. The oxygen and moisture levels are sustained at
<1 ppm. Galvanostatic charge discharge studies were conducted
in the potential range 2.0–4.4 V. A current density of 25 mA cm�2

used while testing half cells. Specific discharge capacity is calcu-
lated after measuring thickness and area of the electrode used in
half-cell preparation. All the electrochemical experiments were
performed twice to check the repeatability of the results and con-
ducted at room temperature (27 ± 1 �C).
3. Results and discussion

3.1. Structural studies

XRD patterns of Li2MnO3, L2-xMnO3-y powder, LMO film on Pt
and Ni coated SS substrate are presented in Fig. 2(i–iv) respec-
tively. The XRD pattern of Li2MnO3 agrees well with the JCPDS File
No. 84-1634. The (0 2 0) and (1 1 0) reflections from the XRD pat-
tern indicate layered structure. The XRD pattern of Li2MnO3 and
acid treated powder (Li2-xMnO3-y) are looking different since there
will be considerable loss of Li after acid treatment to transform into
new compound Li2-xMnO3-y as reported earlier [15,16,25]. As seen



Fig. 2. XRD pattern of (i) Li2MnO3 (ii) Li2-xMnO3-y powder target (iii) LMO film and
(iv) LMNO film. Fig. 4. XPS survey spectra of the film (a) LMNO (b) LMO film deposited at 100 W rf

power and recorded at 30 eV pass energy.
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from the patterns of Fig. 2 curve (ii) and (iv), the reflection at 37.3�
and 64� corresponds to the NiO phase present in the film. We spec-
ulate that the Ni gets oxidised during the annealing process. In case
of curve (iii) platinum reflections appeared at 2h � 38.8� and 44.5�
and the reflection at 18.3�, which is present in all other samples, is
absent. The reflection that corresponds to substrate is marked at
44.2�. The surface morphology of the film on Ni and Pt coated sub-
strates are shown in Fig. 3(a) and (b) correspondingly. Clear tetra-
hedral type morphology is seen in both samples with well
dispersed nearly uniform grains within the range 50–150 nm.
3.2. Surface analysis

The XPS survey spectra of films are shown in Fig. 4 taken with
energy of 30 eV and with energy step of 0.5 eV using Al ka anode.
From the comparison of two survey spectra, it is confirmed that Ni
is diffused during annealing treatment in to LMO thin film because
the analysis depth of XPS is well below 10–15 nm. More over the
elements present in the bulk powder such as manganese, oxygen
and lithium are also seen in the Fig. 4(a) and (b). In case of high res-
olution spectra of constituent elements, after deconvolution the
Fig. 3. Surface morphology of (a) LMNO (b) LMO
resolved peaks are indicated as component 1, 2 for both thin film
samples and taken at 10 eV energy.

Extended resolution XPS spectra of LMNO and LMO films are
presented in the Figs. 5 and 6 correspondingly. In case of Fig. 5,
Ni 2p, Mn 2p, O 1 s and Li 1 s have been measured at reduced pass
energy step and presented in the Fig. 5(a), (b), (c) and (d) respec-
tively. Scans are repeated to get good resolution in the specified
energy range.

De-convolution of the spectra was carried out using CASA XPS
software. As seen from the Ni 2p spectra, the spin orbit splitting
for Ni 2p is 17.9 eV (Ni 2p1/2 at 854.2 eV and Ni 2p3/2 at
872.1 eV) in comparison to 17.6 eV corresponding to nickel oxida-
tion state + 2 [7,9,26,27]. We observed satellite peaks at 863.5 eV
and 883.2 eV. The spin orbit split for manganese and nickel,
11.6 eV and 17.9 eV respectively, are in agreement with the spin
orbit split dependence on atomic number [28,29]. The origin of
satellites peaks has also been reported to be because of the multi-
ple splitting of energy levels in transition metal elements, which
have unpaired electrons in outer shells through shake up or shake
off mechanisms [29,30]. The O 1 s binding energy positions are
located at 529.4 eV and 531.3 eV as seen from the Fig. 5(c). The
oxygen from the crystalline structure is located at 529.4 eV (O
thin film annealed at 500 �C for one hour.



Fig. 5. (a) Ni 2p high resolution spectra (b) Mn 2p high resolution XPS spectra (c) O 1 s high resolution XPS spectra (d) Li 1 s high resolution XPS spectra of LMNO films
recorded at a pass energy of 10 eV deposited at 100W RF power.

Kosuri. Yellareswara Rao et al. /Materials Today: Proceedings 40 (2021) S28–S34 S31
1 s– component 1) and the surface adsorbed oxygen (OH=O, O–C)
is located at 531.3 eV (O 1 s– component 2). The measured energy
values coincide with the earlier reports [26–28].

Extended resolution spectra of Mn 2p, O 1 s and Li 1 s of LMO
film are presented in Fig. 6(a), (b) and (c) correspondingly. Mn 2p
doublet is observed due to spin orbit splitting. Mn 2p3/2 exhibits
two peaks after de convolution which is indicated as components
in Fig. 6(a) and Mn 2p1/2 is seen at 652 eV. O 1 s is also resolved
into two components at 528.7 eV and 530.6 eV. Li 1 s is observed
at 53 eV along with Mn 3p at 49 eV after deconvolution. It is clear
that XPS binding energy values for Ni and Mn are in good agree-
ment with that of the LiMn1.5Ni0.5O4 derivative compounds from
earlier reports [26–28]. Hence, it is speculated that diffusion of
Ni facilitates the LiNixMnyOz type phase formation in our case.
The quantification of Lithium based compound is trivial, because
most of the Li 1 s signal overlaps with Mn 3p and Ni 2 s following
the physics of photoemission from Li (low cross-section).

3.3. Electrochemical measurements

For Galvanostatic charge discharge studies, half cells were
charged and discharged with persistent current density of 25 mA
cm�2 to obtain discharge capacity of the electrodes in the potential
range 2.0 up to 4.4 V. The half cells were given a holding time of
15 min before it starts discharging from higher potential. We
observed the plateaus in the potential range 2.9–3.1 V correspond-
ing to manganese oxidation state Mn+3 to Mn+4 and between 3.9
and 4.2 V corresponding to Ni+2 to Ni+4 oxidation change. It was
reported that Ni oxidises during the initial charging from Ni2+ to
Ni4+ in the potential window 4.2–4.8 V [11,12]. Charge discharge
profiles are shown up to 40 cycles are shown in Fig. 7(a) and (b)
for LMNO and LMO films respectively. Cyclic voltammetry is used
to study the redox behaviour of the electrodes during oxidation
and reduction (Fig. 7(c) and (d)). During cyclic voltammetry the
cells are subjected to voltage pulse of specific scan rate
(200 mV s�1) in the specific potential window and studied the
response. CV plots have shown reversible nature of redox reaction
in the deposited film. During oxidation, peaks at 2.7–3.0 V corre-
spond to oxidation of Mn, while peak at 4.0–4.4 V corresponds to
oxidation of Ni. The measured values in the present work are in
good agreement with the earlier reports [5,30–33]. As shown in
Fig. 7(a) and (b), the deposited thin film samples represent the
reversible behaviour of the intercalation and de-intercalation of
Li-ions taking place at the surface of electrodes.

Rate capability studies were carried out for the half cells start-
ing from 25 mA cm�2 up to 200 mA cm�2 to check the stability of the



Fig. 6. (a) Mn 2p high resolution spectra (b) O 1 s high resolution spectra (c) Li 1 s high resolution spectra of LMO film recorded at a pass energy of 10 eV and deposited at 100
w RF power.
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electrode during fast charge and discharge process. As seen from
the Fig. 8(a) and (b), the discharge capacity decreases at high rate.
In case of LMNO sample (Fig. 8(a)) 80% of the initial capacity has
recovered during repetitive testing at the same current density
where as in case of LMO film (Fig. 8(b)) it is 88% because of good
electronic conductivity of Pt interfacial thin film layer. In case of
LMNO film, it could be attributed to the changes in the LiNixMny-
Oz phase composition, parasitic reaction at the cathode/electrolyte
interface at high current. As expected the discharge capacity
decreased with increase in the current because of increased cell
resistance, morphological and structural changes originate during
charging and discharging in both the samples. The cycle life tests
of the LMNO and LMO films are shown up to 40 cycles in the
Fig. 9 tested with current density value as 25 mA/ cm2 during both
charge and discharge.

Cycle life of the thin film electrodes is presented up to 40 cycles.
LMNO film delivered high discharge capacity compared to LMO
film as seen in the Fig. 9. At the end of 40 cycles discharge capacity
reduction is less than 10% in both cases which indicates the stabil-
ity of the deposited film during long cycle life.

The enhanced stability of the thin film cathodes during galvano-
static charge discharge tests is speculated due to processing
method, improved contact between electrode/electrolyte and high
surface area. Moreover thin film electrodes posses active material
without any binders, facilitates reduced chances of unwanted reac-
tion taking place at the electrode surface during testing. Hence the
deposited thin film samples are good choice as cathode layers for
fabrication of thin film battery.
4. Conclusions

Lithium manganese oxide thin films were deposited using radio
frequency sputtering from powder target. XRD, XPS and electro-
chemical analysis were carried out for the prepared samples. XPS
analysis indicates the presences of all elements in the powder
are also present in the deposited film. Electrochemical half cells
investigations using thin film electrode achieved 54 mAh mm�1

cm�2 and 48 mAh mm�1 cm�2 discharge capacities in the voltage
range 2.0–4.4 V. Less capacity fading observed for the films depos-
ited on Ni and Pt coated stainless steel substrates. Cyclic voltam-
metry results indicate the reversible nature of redox reactions.
Hence the as prepared thin film samples finds potential application
as cathodes layers in thin film Li-ion batteries.



Fig. 7. Charge discharge profiles of (a) LMNO thin film electrodes (b) the LMO thin film electrodes using 25 mA cm�2 current density in the potential window 2.0–4.4 V vs Li/
Li+ (after reaching the high potential 4.4 V cells are subjected to a holding time of 15 min). Cyclic voltammograms of (c) LMNO thin films (d) LMO thin films recorded at a scan
rate of 200 mV s�1 in the potential window 2.0–4.4 V vs Li/ Li+. (Arrow direction indicates scanning direction).

Fig. 8. . Rate capability studies of (a)LMNO thin film electrodes and (b) LMO thin film electrodes in the potential window 2.0–4.4 V vs Li/ Li+ (indicated current density values
are shown in mA cm�2).
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Fig. 9. Cycle life of the LMNO and LMO thin film samples.
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