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ABSTRACT: Extending the potential window toward the 3 V plateau below the typically used range could boost the effective
capacity of LiMn2O4 spinel cathodes. This usually leads to an “overdischarge” of the cathode, which can cause severe material
damage due to manganese dissolution into the electrolyte and a critical volume expansion (induced by Jahn−Teller distortions). As
those factors determine the stability and cycling lifetime for all-solid-state batteries, the operational window of LiMn2O4 is usually
limited to 3.5−4.5 V versus Li/Li+ in common battery cells. However, it has been reported that nano-shaped particles and thin films
can potentially mitigate these detrimental effects. We demonstrate here that porous LiMn2O4 thin-film cathodes with a certain level
of off-stoichiometry show improved cycling stability for the extended cycling range of 2.0−4.5 V versus Li/Li+. We argue through
operando spectroscopic ellipsometry that the origin of this stability lies in the surprisingly small volume change in the layer during
lithiation.
KEYWORDS: spinel LiMn2O4, overdischarge, thin films, pulsed laser deposition, lithium-ion microbatteries, nanostructures

1. INTRODUCTION
The growing importance of light-weighted, self-powered
portable electronics (i.e., smartphones, tablets, microsensors,
medical implants, and so on) in our everyday lives imposes
demanding characteristics on the energy storage capacity and
charging rate while maintaining high stability and safety of
those devices. The need for miniaturized power sources with
minimal volumetric footprint and high enough active material
loading to provide energy to low-power electronics is steadily
increasing, driven by the deployment of the internet of
Things.1 All-solid-state batteries are a well-positioned technol-
ogy capable of maximizing volumetric energy densities, thus
leading to high-performance micropower sources.2,3 In
particular, thin films (TFs) enable fast rates and low internal
resistance while creating complex structures with a small area
footprint, including three-dimensional (3D) designs.4,5 One of
the main issues with employing TFs is their small storage
capacity. However, the obvious solution of using thicker films

is not sufficient since thicker electrodes slow down the charge−
discharge kinetics due to mass-diffusion limitations.6 A second
main issue is related to the critical volume changes in all-solid-
state batteries and microbatteries, which can lead to severe
interfacial strain, cracking, and loss of contact between the
solid components.7

One popular cathode material in TFs is spinel lithium
manganese oxide (LMO), known for its low cost, high rate
capability, good cyclability, high voltage, and low toxicity.8−11

Manganese ions are present in a mixed-valence state of Mn3+/4+

for pristine LiMn2O4. During charge under cathodic currents,
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one Li+ ion is extracted, creating λ-MnO2 and transforming all
Mn3+ to Mn4+, as described in eq S1 (see Supporting
Information). In this commonly applied potential window
between 3.5 and 4.5 V versus Li/Li+ (4 V plateau), energy is
stored with a high specific capacity of 595 mA h cm−3 (148 mA
h g−1, ρ = 4.02 g cm−3). Theoretically, LMO is capable of
reaching higher values in specific capacity with 1240 mA h
cm−3 (296 mA h g−1, ρ = 4.19 g cm−3) when transforming all
Mn4+ to Mn3+ in the anodic discharge down to ∼2 V versus Li/
Li+ (3 V plateau) following the reaction in Equation S2.11 The
acceptance of an additional Li+ ion in the LMO lattice forms
Li2Mn2O4, causing Mn-dissolution and an unwanted volume
expansion (>5%) due to a more severe Jahn−Teller distortion.
This process, known as “overdischarge”, has been limiting the
exploitation of the additional energy storage capacity
associated with the 3 V plateau, thus avoiding the extension
of the operational window toward 2.0−4.5 V versus Li/Li+.12

Different strategies for the stabilization of the 3 V plateau
have been pursued, such as nano-structuration, particle
coating, introducing dopants, or dual-phase integration.13 A
controversial discussion of whether overdischarge may be
endurable for LMO nano-sized samples is ongoing in the
community. Kosilov et al.12 predicted that micro-sized
materials would result in enhanced stability. Conversely, Put
et al.,11 could demonstrate very thin LMO layers of 25 nm to
have good capacity retention of 80% at 50 C with high specific
capacities of 1240 mA h cm−3. Very recently, an electrolyte-
and salt-dependent SEI formation on top of LMO films has
been suggested by De Taeye et al.14 to impact the achievable
capacities and the shape of the current−potential character-
istics.

Sputtering11,15 or pulsed laser deposition (PLD)16,17,23

prevailed as commonly applied LMO TF fabrication
techniques among other physical vapor depositions (PVD).10

The collective concern across all techniques of Li-deficiency
(highly volatile) is often counteracted with an overlithiation of
the ceramic targets.18,19 A more adaptable strategy to control
the phase composition relies on the introduction of Li-rich
targets (i.e., Li2O and Li3N) in the deposition sequence (e.g.,
multi-layering or co-deposition), which enjoys increasing
popularity in the field of TFs.3,20−24 This strategy enables
the fabrication of complex compositional landscapes for the
stabilization of the battery performance, such as dual-phases25

and nanocomposites.26 The first successful applications in the
energy community27 and Li-ion batteries28 place greater
attention on plural-phase nanocomposite structures and their
beneficial stability for long-term applications.

In this work, LMO TFs deposited by a semi-industrial large-
area (LA) PLD (scalable up to 4″ wafers) are studied for the
first time toward the expansion of the operational potential
window to 2.0−4.5 V versus Li/Li+. A deeper understanding of
the complex Li−Mn−O compositional landscape is provided
for the lithiation/delithiation during overdischarge, and the
real-time state-of-charge (SOC) is followed by spectroscopic
ellipsometry (SE). Operando SE has only recently proven to be
a powerful technique in monitoring real-time changes in
optical transitions29 and holds generally broad acceptance in
determining TF and material properties.30

2. MATERIALS AND METHODS
2.1. Thin-Film Fabrication. Ceramic targets for TF depositions

in the PLD are commercially available from Neyco for LiMn2O4
(99.9%) and from Codex for Li2O (99.9%). Films were deposited on

80 nm Pt-coated Si chips (1 × 1 cm), where Pt acts as a back-side
current collector and diffusion barrier, provided by the Institute of
Microelectronics of Barcelona (IMB-CNM). Specifically, these
substrates consist of Si(100)‑chips, coated with SiO2 (100 nm), Si3N4
(300 nm), Ti (10 nm) adhesion layer, and Pt (80 nm) as the current
collector. Cathode TFs are deposited in a LA PLD-5000 system from
PVD products using a Coherent (Lambda Physik) COMPex Pro 205
KrF excimer laser (λ = 248 nm). LMO and Li2O targets were ablated
in a sequential manner following a multi-layer approach.21 The reader
is referred to Supporting Information, Figure S1 for further details.
The multi-layer sequence consisted of a fixed ratio of ablation pulses
of 4:3 between LMO (800 pulses per cycle) and Li2O (600 pulses per
cycle). This sequence was repeated for several cycles until the targeted
film thickness of 320 nm or 200 nm was reached. All the depositions
were carried out at a constant O2 pressure of 20 mTorr at 650 °C.
The substrate−target distance was kept at 90 mm with constant
rotation. Laser fluence was set to 1.3 J cm−2 inside of the chamber.

2.2. Structural Characterization. Scanning electron microscopy
(SEM) images were acquired with a Zeiss Auriga (30 kV Gemini
FESEM column and an in-lens detector). X-ray diffraction was
performed on an XRD Bruker-D8 Advance in theta−2theta
configuration between 10 and 39° (step size of 0.01°). Raman
spectroscopy was performed on an iHR320 spectrometer from
HORIBA Scientific with a green laser (λ = 532 nm). Variable energy
positron annihilation lifetime spectroscopy (VEPALS) measurements
were conducted at the mono-energetic positron source (MePS)
beamline at HZDR, Germany,31 using a digital lifetime CrBr3
scintillator detector coupled to a Hamamatsu R13089-100 PMT
with a μ-metal shield and housed inside a solid Au casing with
homemade software, employing a SPDevices ADQ14DC-2X digitizer
with a 14-bit vertical resolution and a 2GS/s horizontal resolution32

and with a time resolution function down to about 0.230 ns. The
resolution function required for spectrum analysis uses two Gaussian
functions with distinct intensities and shifts depending on the
positron implantation energy, Ep. All spectra contained at least 1 ×
107 counts. The typical lifetime spectrum N(t) is described by N(t) =
Σi(1/τi) Ii exp(−t/τi), where τi and Ii are the positron lifetime and
intensity of the i-th component, respectively (ΣIi = 1). All the spectra
were deconvoluted using the non-linear least-square-based package
PALSfit fitting software33 into five discrete lifetime components,
which directly evidence localized annihilation at two different defect
types (sizes; τ1 and τ2), that is, small vacancy-like defects and their
agglomerations. The third and fourth lifetime components (τ3 and
τ4) represent two-pore populations of diameters d3 and d4. The fifth
component (not shown) is residual and originates from ortho-
positronium annihilation in vacuum and pore networks. The positron
lifetime and its intensity have been probed as a function of positron
implantation energy Ep or, in other words, implantation depth
(thickness). Positrons have been accelerated and monoenergetically
implanted into samples in the range between Ep = 1−12 keV, which
realizes depth profiling. A mean positron implantation depth was
approximated using a simple material density (ρ = 4.02 g·cm−3)-
dependent formula: ⟨z⟩ = 36/ρ·Ep

1.62.34 The average positron lifetime
τav is defined as τav = ∑i τi·Ii and has a high sensitivity to the defect
size (type).

2.3. Optical Characterization. Spectroscopic ellipsometry (SE)
was performed on a UVISEL Plus ellipsometer from HORIBA
Scientific. The incident beam angle was fixed at 70° with a beam spot
size of 2 mm2. The optical data have been fitted with the DeltaPsi2
software using 1 Tauc−Lorentz and 1 Lorentz oscillator (see
Equations S5 and S6). The LiPF6 electrolyte is introduced in the
model, following the porosity emulated by a mixed top layer using the
effective medium approximation. The optical constant of the LiPF6 is
taken from the literature.35 For the real-time probing of lithium (de-)
intercalation, operando SE was performed inside an air-tight in situ
chamber printed at IREC facilities with a Prusa i3 style 3D printer
using photopolymer resin based on methacrylate. This air-tight
chamber served as the three-electrode electrochemical cell that was
assembled in an Ar-filled glovebox, sealed, and taken outside to the SE
station. Electrochemical measurements were performed with a
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Biologic SP-50 (Lambda System) potentiostat. The acquisition time
for the optical spectra collected for operando SE measurements was 1
s.

2.4. Electrochemical Analysis. For the electrochemical measure-
ments, the LMO films were electrically contacted on the exposed Pt at
the edges of the sample and embedded in a robust dual-component
resin. In the electrochemical cell, the films were introduced as working
electrodes and metallic lithium as counter and reference electrodes.
The electrolyte employed was of 1 M LiPF6 EC/DMC = 50/50 (v/v)
battery grade (Sigma-Aldrich).

3. RESULTS AND DISCUSSION
3.1. Structure and Microstructure of LMO. LMO TFs

have been deposited by PLD using LMO and Li2O targets in a
multi-layer approach (see Supporting Information Figure S1).
In Figure 1 the microstructure of the as-deposited LMO TF is
presented as observed by SEM imaging.

A relatively rough surface and high porosity for the 320 nm
thick films are obtained at moderate deposition temperatures
of 650 °C. On the contrary, LMO films of 200 nm thickness

Figure 1. SEM images of LMO TFs fabricated by PLD top-view (a,c) and across-plane (b,d). The white scale bar corresponds to 1 μm. XRD
patterns of polycrystalline LMO and Li2O multi-layers for different thicknesses in (e), with the reference pattern from the bare Pt-substrate below
for comparison (gray line). JCPDS references are shown for LiMn2O4 (00-035-0782) and Mn3O4 (01-080-0382). The corresponding Raman
spectra in (f) are referenced in the literature for LiMn2O4, Mn3O4, and Li2MnO3.36,37

Figure 2. Average positron lifetime (a), τav indicates a weighted average of the defect size across film thickness. Detected defects are listed below
the panel. Depth profiles of positron lifetimes (b) and relative intensities (c) for defects τ1 and τ2, corresponding to small vacancy-like defects and
their agglomerations, respectively. Depth profiles of pore diameters recalculated from positron lifetimes (d) and their relative intensities (e) for
defects τ3 and τ4, corresponding to two families of sub-nm small pores, respectively.
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show better film homogeneity in particle size with a smoother
surface and grains with non-preferential orientation, illustrating
their polycrystalline nature.

Structural analysis is provided in Figure 1 with XRD (e) and
Raman (f) analysis. Both TF samples show the presence of
spinel LiMn2O4 as the main phase. While the XRD pattern of
the 200 nm film is dominated by the (111) reflection of LMO
with no other detectable parasitic phases, the 300 nm film
shows small quantities of Mn3O4. This is further exemplified by
Raman spectroscopy, where the spectra show subtle differences
compared to the pure LMO spinel. First, the absorption band
at c.a. 620 cm−1 can be ascribed to the A1g mode of LiMn2O4.
However, it appears slightly shifted toward lower energies
compared to the expected values (between 623 and 626
cm−1).38 This small shift has been observed experimentally in
LiMn2O4 with significant concentrations of crystalline defects,
especially Li and Mn vacancies, and has been attributed to an
increase in the Mn−O bond length.39 This is not surprising
since cation-deficient structures are typically observed in PLD-
deposited layers.40 This fact could also explain the intense peak
around 660 cm−1, which is not allowed for ideal spinel
structures but has been shown to be activated when symmetry
is reduced due to defects.39 Alternatively, it is also probable
that this band appears as a consequence of the presence of the
Mn3O4 phase with a Raman shift at 653 cm−1.41,42 The rest of
the lower-intensity peaks at 293, 318, 371, 412, 431, and 489
cm−1 have been reported for Li-rich spinels.37 The origin of the
observed slight non-stoichiometric material distribution might
be related to the layer-by-layer deposition process, the complex
landscape of Mn oxidation states, the loss of volatile lithium,
and a reducing atmosphere during deposition, overall leading
to both Li-rich domains and regions with cation deficiencies.

To shed some light on these cation deficiencies and other
sub-nm defects, we performed VEPALS measurements on the
300 nm LMO film (Figure 2). In VEPALS, the films are

irradiated with positrons that recombine (annihilate) with
electrons in the films at defined depths, creating gamma rays,
which are subsequently detected. The measurement of the
positron lifetime provides direct information on the type of
negatively-charged and neutral defects and their concentration.
In Figure 2a, the positron lifetime versus positron implantation
energy Ep (thickness) shows a rather homogeneous value
across the entire thickness, with a slight decrease in the average
lifetime as positrons penetrate deeper into the film. This means
that the average defect size decreases from the surface toward
the substrate. The deconvolution of the spectra (see
Experimental Section 2.2) showed four main types of defects:
on one hand, small vacancy-like defects and their agglomer-
ations (lifetime components τ1 and τ2 and their relative
intensities I1 and I2, respectively, Figure 2b,c). On the other
hand, two families of sub-nm pores (micropores with spherical
sizes d3 ≈ 0.47 nm and d4 ≈ 0.75 nm) and intensities I3 and I4,
respectively, Figure 2d,e). The pore size was calculated using
the Wada and Hyodo shape-free model.43 Overall, both pore
families and vacancy-related defects exhibit a homogeneous
distribution across the thickness of the film. Comparing the
relative intensities, one can see that the vacancy-related defects
dominate the average lifetime of the positrons (I1 + I2 > I3 +
I4), indicating the larger presence of vacancies in the film. All in
all, these PALS measurements demonstrate the presence of
cationic defects and pores on our films and can potentially play
a role in suppressing and/or alleviating the Jahn−Teller
distorsions.44

3.2. Electrochemical Characterization of the Full
Potential Window. Representative first cyclic voltammo-
grams are exemplified for the 320 nm thick films in the “safe”
potential range of 3.5−4.5 V versus Li/Li+ (discussed later on)
in 1 M LiPF6 with the EC/DMC (1:1) electrolyte in an Ar-
filled glovebox. In a subsequent step, the operational window is

Figure 3. Cyclic voltammograms transitioning from the 4 V plateau to the 3 V plateau in (a). Significant changes in the apparent redox couples are
marked at the corresponding potential by vertical dashed lines. Cyclic voltammograms at increasing scan rates in the extended range are collected in
(b). Comparison of cyclic voltammograms of the LMO films between the initial (dashed lines) and the final (solid lines) measurements in the
restricted (c) and extended (d) ranges. The film was cycled for more than 24 h at different scan rates in the extended range in between the first and
last measurements.
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extended down to 2.0 V versus Li/Li+, including the 3 V
plateau in Figure 3a at 1 mV s−1 scan rate.

The expected redox peaks for the Mn3+/4+ transition (see
Equation S1) around 4.2 V are well defined and fully reversible
in the 4 V plateau. For passing to the 3 V plateau, an anodic
discharge current is applied beyond 3.5 V and an additional Li+

is intercalated (see Equation S2). A strong anodic reduction
peak appears at 2.7 V related to the full transition of mixed-
valence Mn3+/4+ to Mn3+ under the formation of tetragonal
Li2Mn2O4. The scan is reversed at 2 V with a cathodic current
for Li+ extraction (charging), leading to the structural
transition of tetragonal-to-spinel around 3.5 V. With further
potential increase up to 4.5 V, the oxidation peak of the
Mn3+/4+ transition forms one joint redox peak around 4.3 V
instead of separating into the usual, well-defined doublet
oxidation peaks. With increasing cycle numbers and scan rates,
the redox peaks are symmetric single-peaks for both cathodic
and anodic currents as demonstrated in Figure 3b. Similar
behavior has been reported by Rougier et al.,45 who assigned
the joint redox peak to the additional obstacles to be overcome
for lithium (de-) intercalation, such as lattice distortion (see
Figure S2) and the disproportionation reaction of manganese
Mn3+ described in Equation S3 (see Supporting Information)
and by De Taeye and Vereecken,14 who observed the
formation of an SEI rich in P and F, limiting the insertion
kinetics.

Figure 3c demonstrates the effect of peak broadening in the
4 V plateau being vanished when restricted again to the typical
high-voltage region between 3.5 and 4.5 V versus Li/Li+,
showing the classic double oxidation peak anew. While the
limited range between 3.5 and 4.5 V versus Li/Li+ shows
slightly damped redox peaks when comparing the CV from the
beginning (start) to the end, the voltammogram including the
3 V plateau also shows improved redox peak definition and an

additional oxidation peak at 3.8 V, which is ascribed in
literature to parasitic reactions taking place.11,46−50

In Figure 4 the volumetric specific capacities obtained at
various C-rates are examined for the first charge and discharge
cycles in the 4 V plateau (a) and then for the extended range,
including the 3 V plateau (b). Starting with low C-rates < 1 C,
both potential regions in Figure 4a,b demonstrate exceptionally
high discharge capacities of 750 mA h cm−3 at 3.5 V versus Li/
Li+ and 1150 mA h cm−3 at 2.1 V versus Li/Li+. With
increasing C-rate, the volumetric specific capacities decrease
and slower reaction kinetics become evident for the full
potential window of LMO, dealing with lattice distortion and
more complex defect chemistries. As with C-rates ≥ 3 C, there
is merely an advantage in specific capacity compared to the
restrained potential region of the 4 V plateau. The superior
energy density is restrained by the loss in high rate capability.
The resulting volumetric specific capacities at different C-rates
for 320 nm and 200 nm thick films are compared in Figure 4c
with sputtered LMO TFs and micro- and nano-sized samples.
The dependence of the volumetric specific capacity on the C-
rate follows a clear trend, being highly dependent on the
particle size or film thickness, and therefore appears strongly
correlated to the difference in diffusion path lengths. The
lowest capacities are reached when cycling microparticles are
packed in a 575 nm thick layer in the full potential region of
LMO,51 whereas sputtered TFs of 25 nm in thickness show the
highest capacities and exhibit very fast reaction kinetics.11 One
reason for this behavior is the change in lithiation mechanism
from micro- to nano-shaped materials at a critical particle size.
Li1+xMn2O4 bulk-type materials tend to react in a “core−shell”
manner when lithiating, forming a Li-rich outer layer around
the micro-particles. Nano-shapes below 100 nm rather form
solid solutions, leading to fewer obstacles in the diffusion
process. This seems to be applicable in our case, given the

Figure 4. Charge (cathodic) and discharge (anodic) curves of different C-rates for a LMO layer of 200 nm thickness are shown including the 4 V
plateau (a) and the extended potential range including the 3 V plateau (b). Resulting volumetric discharge capacities for the full potential range of
320 nm (triangles) and 200 nm (circles) thick LMO films are plotted over the C-rate (logarithmic scale) in (c). Reference is made to RF-sputtered
LMO TF,11 LMO nanoparticles,52 and microparticles in a thick layer.51 Capacity retention evaluated under long-term cycling of the 200 nm thick
layer in the full potential window between 2.0 and 4.5 V versus Li/Li+ for 60 cycles at 10 μA cm−2 (0.8 C) (d) and its comparison to RF-sputtered
LMO TFs.11
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presence of a slight slope in the 4 V plateau, deviating from the
canonical flat shape expected for a two-phase reaction
mechanism. Despite the high surface-to-volume ratio, the
formation of the solid solution for Li-rich and -poor states
eliminates separated domains and hence facilitates mass
transfer, allowing the intercalation of up to 2.5 Li+ resulting
in Li2.5Mn2O4.52 This causes a clear increase in specific
capacities at high C-rates for nano-sized materials in Figure 4c,
whereas thicker layers with greater spatial dimensions in their
crystallites behave similarly to bulk-type materials. Our work
shows that LMO TFs deposited by LA-PLD follow this trend
and position the volumetric specific capacities of 320 nm thick
films between the micro- and nanoparticles. Thinner layers
with 200 nm (Figure 4c) exhibit higher specific capacities in
the full potential range, supporting the previously observed
correlation of film thickness and capacity of RF-sputtered
LMO TFs by Put et al.11 The remarkable increase in thickness
when compared to literature results in potential total capacities
of ∼18 μA h·cm−2 (see Supporting Information for
comparison with literature). Nonetheless, the limited cycling
stability due to volume expansion, cracking, loss of contact
with the current collector, Mn-dissolution, and so forth are
dissuading factors for the exploration of LMO in its full
potential range. To evaluate the stability of the LMO TFs
presented in this work, 200 nm thick films have been subjected
to long-term cycling at a C-rate of 0.8 C in Figure 4d.

60 charge−discharge cycles have been repeated in the
potential range of 2.0−4.5 V versus Li/Li+ and are compared
with the capacity retention of RF-sputtered layers (25 and 100
nm thickness) cycled in the same potential window at 1 C,
showing a capacity drop of only about 26% while cycling at 0.8
C for 60 cycles. This degradation, while relevant, is still much

smaller than the one observed in the literature.11,51 Compared
to RF-sputtered TFs of 100 nm thickness, capacity decays
much faster when cycled at 1 C. After 25 cycles, only ∼15% of
the initial capacity is still accessible. Thinner layers, in
comparison, lose less capacity per cycle more gradually, with
only ∼11% decrease in specific capacity after 25 cycles. All in
all, 200 nm thick LMO TFs deposited by multi-layer PLD
show good capacity retention of 74% when performing 60
cycles at 0.8 C. In the following, real-time operando SE aims to
provide deeper insights into the reasons for improved cycling
stability.

3.3. Study of Cathode Evolution along with the
Extended Range by Operando SE. The change in optical
characteristics of LMO during charge/discharge is monitored
by operando SE for the first time in a wide electrochemical
potential window between 2.0 and 5.0 V versus Li/Li+. The
measurement setup is assembled under a protective Ar-
atmosphere (see details in the Experimental Section) and
transferred to the ambient atmosphere in an air-tight optical
chamber. Figure 5a presents the cyclic voltammograms
obtained inside the liquid cell, which are in accordance with
the ones presented in Figure 3b,d and show good reversibility
of significant redox peaks over the full potential range. Colored
points in the CV represent the voltage instants at which optical
spectra were obtained by using SE acquisition. The imaginary
part of the permittivity εi, directly linked with optical
absorption, is shown in Figure 5b. It was obtained from the
complex dielectric function (Equation S4) under the
application of a model containing two Lorentz oscillators
(see details in the Supporting Information).

Consistent with the results reported in previous studies of
LiMn2O4 films, we observe a broad absorption band centered

Figure 5. a) Cyclic voltammetry of LMO cathode TFs between 2.0 and 5.0 V versus Li/Li+ in 1 M LiPF6 EC/DMC (1:1) collected in an air-tight,
3D-printed optical chamber at a 5 mV s−1 scan rate. CV is shown before (start) and after (end) the operando monitoring by SE. Voltage instants for
the SE spectra are indicated as circles with the color of the corresponding voltage. The related change in optical absorption εi of Mn3+/4+ is shown
in (b). The evolution of εi at 2.8 eV is an indicator of the SOC and is depicted in (c) for different voltages. The normalized change of εi at 2.8 eV
during galvanostatic delithiation at 9.5 C is shown in (d) and the corresponding change in the (total) thickness upon lithium extraction in (e) for
both the same C-rate and accumulated charge.
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around 2.8−3.3 eV, attributed to the electronic transitions
between O2‑ (2p) and Mn4+ (eg), and a second absorption
band between 3.4 and 4.0 eV, correlated to O2− (2p)−Mn3+

(eg) transitions. A small contribution is also observed at low
energies, which has been ascribed to Mn3+/4+ (t2g) interband
transitions. Due to the limited spectral range imposed by the
absorption of the electrolyte, mostly the absorption at around
3.0 eV will determine the thickness of the LMO layer. Figure
5c shows the evolution of εi at 2.8 eV (bottom) and the
thickness variation along with the CV (top). A certain
hysteresis in the closed-loop experiments is found. This is an
indication that, while being at the same potential, the
equilibrium reached by the layer is different during lithiation
and delithiation through the voltage sweep at 5 mV s−1.

To investigate the changes in the optical properties and the
thickness of the layer during lithium (de-) intercalation more
accurately, a continuous operando SE experiment was
performed, with a sampling rate of 1s, while a galvanostatic
sweep rate is applied under a current of 10 μA. The sample is
fully delithiated before the experiment. When the lower
imposed voltage limit of 2.0 V is reached, the current is
reversed, and the sample is again oxidized until the voltage
rises to 5.0 V. All the acquired spectra are fitted using the
previously defined model and simplified by fixing the top layer
thickness and porosity to reduce the number of uncertainties.
Also, only two absorption bands are considered. The first is
represented using a broad Lorentz oscillator and takes into
account the variation in the absorption in the intermediate
range (2.0−3.5 eV). The second one accounts for the
absorption at higher energies, centered at around 4.0−5.0 eV
(out of the experimental observable range). In this way, the
layer permittivity is obtained in the acquisition spectral range,
and the volume changes will be known by the variation of the
dense bottom layer thickness. The optical absorption extracted
at 2.8 eV in Figure 5d is expected to follow the Li (de-)
insertion in the layer, providing an indicator of the state-of-
charge along the complete cycle.29 While this is clearly the case
for the delithiation sweep, there are some deviations during the
first lithiation which could be attributed to the investment of
the introduced current in the generation of an SEI or some
other process not related to the TF reduction.14

Interestingly, it is also possible to accurately infer the
thickness variation along the galvanostatic sweep, Figure 5e.
Not surprisingly, the volume of the LixMn2O4 layer increases as
lithium is inserted. A small (and expected) thickness
enhancement of c.a. 2.5% takes place during 8a site occupancy
in the high-voltage intercalation plateau (0 < x < 1), where the
cubic structure is known to be maintained. In the low-voltage
intercalation range (1 < x < 2), the volume changes are slightly
more pronounced (c.a. 3%). However, a much larger
expansion (of 5.6%) would be expected since the lithium
insertion in this plateau involves the filling of octahedral 16c
sites, which is accompanied by a large volume change.53 The
relatively small variation observed in this work might be
explained by the presence of defects in the deposited layer.
Taking into account the nature of the multi-layer PLD
deposition procedure described in Section S1, it is likely to
have slight variations in the pursued stoichiometry. Indeed,
Song et al. reported very small volume changes in Li1+δMn2O4,
which was associated with the presence of a tetragonal-spinel
structure.54 Van Der Ven et al. also provided other possible
explanations for the reduced volume change in defective
LiMn2O4.55 Their calculations showed that the main reason for

the volume expansion comes from the filling of the eg level
when an electron is added to reduce Mn4+ to Mn3+. While the
t2g can be considered as non-bonding, the eg level is anti-
bonding of the Mn (d) and O (p) orbitals. For this reason, its
filling might produce a Mn−O elongation and is considered
the main cause of volume change above Jahn−Teller distortion
or the introduction of Li in the material. They hypothesized
that a Mn−O bond compression could influence the crystal
field splitting in such a way that the first lowest spin t2g level
becomes lower in energy than the first up-spin eg level,
reducing the impact of the bond length variation. Moreover,
the Raman signal of the layers and the PALS measurements, as
discussed before in Section 2.1, indicate a reduction of the
expected Mn−O bond and the presence of cation deficiencies
and pores that are compatible with this hypothesis, which
could be behind the remarkably higher tolerance to cycling
presented by our layers, which is in agreement with recent
studies.44

4. CONCLUSIONS
The electrochemical stability of LMO TFs, deposited by multi-
layering in the PLD, has been studied in an organic electrolyte
across the so-called “overdischarge” regime of the material.
The layers have been subjected to different C-rates in the full
potential stability window of 2.0−4.5 V versus Li/Li+,
demonstrating very high discharge capacities of 1150 mA h
cm−3 at 0.5 C. This is a massive improvement when comparing
the discharge capacity of the same film reached in the
commonly applied potential range of 3.5−4.5 V versus Li/Li+

with a discharge capacity of 750 mA h cm−3 at 0.7 C. The
layers could maintain 74% of the initial capacity after 60 cycles
at a C-rate of 0.8 C, which can be considered a promising result
in comparison to literature as no additional doping or
protective layer was necessary. Operando SE carried out in
the whole range of applied potential revealed that only small
volume changes take place in the layer while providing
accurate monitoring of the SOC. The good cycling stability
may be the consequence of these very small volume changes,
possibly resulting from the presence of defects and the off-
stoichiometry of the deposited layers as observed by PALS.
Our work suggests that defect engineering can potentially
enable the use of LMO as an efficient TF cathode in micro-
power sources.
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