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ABSTRACT

Li-rich and stoichiometric LijMn5Nig504 (LMNO) cathode films have been successfully prepared by
magnetron sputtering. Sputtering from a Li stoichiometric target yields Li-rich films composed of spinel,
layered and monoclinic phases. Films obtained from a Li deficient target are mostly made of a spinel
phase and little layered material. The resulting cathode thin films have good capacity retention and very
high rate capability. The reaction mechanism has been investigated by XRD and HRTEM and evidences
the reversible formation of a spinel phase, as is generally found for the powder samples. The film
geometry enables us to understand the effect of coatings (ZnO or LiPON). Coating high voltage cathodes
reduces the coulombic losses, but at the price of rate performance. Nonetheless, these coated sputtered
electrode thin films offer a higher rate capability than other LMNO thin films obtained by other physical
vapor deposition techniques.

Layered-spinel composite structure
Coatings
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1. Introduction

Since their introduction in 1991, rechargeable lithium-ion
batteries have enabled a profound revolution in our daily lives.
The current widespread use of portable electronic devices such as
smart phones and laptop computers is an obvious example [1].
Nowadays, the current research efforts are intensely focusing on
the application of Li-ion batteries for automotive applications. In
order to achieve the performance requirements necessary for
automotive applications, cathodes with larger storage capacities
and higher operating voltages, along with electrolytes which have
a larger stability window are necessary to produce more durable
and high power batteries.

High voltage spinel cathodes have attracted a lot of attention as
alternatives to conventional layered cathodes [2]. LiMnj5Nig504
(LMNO) is of particular interest as the material has a reaction
voltage near 4.7 V vs. Li and a theoretical gravimetric capacity of
about 147 mAh g~' [2]. The operation at high voltages stems from
the oxidation of Ni**; the Mn** cations are electrochemical spec-
tators but provide structural stability [3,4]. Moreover, LMNO cath-
odes possess very high rate capability due to the 3D diffusion
pathways for Li ions inside the spinel structure [5—7].
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Despite these advantages, side reactions between the cathode
and electrolyte solution remain an issue for practical applications
[8—10]. These deleterious effects found for high voltage cathodes,
especially at high temperatures, result from undesired reactions
with the electrolyte solution. Indeed, it is known that the capacity
retention at elevated operating temperatures is somewhat poor
due to Mn leaching or electrolyte decomposition [8]. Electrolyte
contaminants and cycling by-products, such as HF, can damage the
electrode surface by acidic dissolution [9]. Moreover, complete
LMNO cells often suffer from internal discharge [10]. It is also
generally believed that the decomposition of the electrolyte can
lead to the formation of a passivation layer known as Cathode
Electrolyte Interface (CEI), which hinders the interparticle
conduction of charges that in turn increases the internal impedance
[11].

Several groups have demonstrated that coating high voltage
cathodes with an insulating metal oxide or phosphate (ZnO, ZrO»,
AlPOy, LisPOy4, et cetera) reduces capacity losses and extends the
electrode cycle life [11—20]. Although the coating is claimed to
prevent deleterious (electro)chemical reactions between the elec-
trolyte and cathode materials, scavenge undesirable species
present in the electrolyte that may be created during cycling (e.g.
HF), or suppress the dissolution of transition metals such as Mn, its
precise role has not been thoroughly investigated [11—20].

One of the difficulties in understanding these interfaces is
the complex surface chemistry of composite electrodes, which
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generally consist of the active material particles coated by carbon
conductive particles, embedded in a polymer binder matrix
[11—20]. Thin film electrodes are an ideal platform to understand
how the coating mitigates capacity losses. Thin films have a well-
defined geometric surface area and the amount of material can
be accurately controlled. This is very useful for studying the surface
charge transfer kinetics or the bulk diffusion across particles of
known dimensions. Moreover, no binder or additives are used,
which facilitates the study of properties intrinsic to the cathode
material. Furthermore, the preparation of uniform coatings with
controlled thicknesses on the cathode surface is much easier to
achieve than coating powder particles of various, and often inho-
mogeneous, structures and sizes. To date, there has been little work
on thin films of the spinel LMNO. Studies on uncoated LMNO thin
films prepared by electrostatic spray deposition (ESD) [21,22],
pulsed laser deposition (PLD) [23,24] or spin coating [25] were
reported, with emphasis toward bulk and surface kinetics which
proved to be very good.

Sputtering is a versatile technique for producing a wide chem-
istry range of cathode thin films for Li-ion batteries [26,27]. For
instance, the stoichiometry of LiyMn;_04 (LMO) spinel thin films
can be varied simply by adjusting some crucial deposition param-
eters (gas and reactor pressure), and results in the fabrication of Li-
rich LMO films [26,27]. The excess of Li can be advantageous as it
can be used, for instance, in a thin film battery comprising
a conversion anode. This type of anode is attractive as it can provide
a better cycle life at the expense of some irreversible capacity
consumed during the first cycle [27].

Here we demonstrate that the resulting structure and properties
of sputter deposited LMNO cathodes can be tuned by varying the Li
content in the target material. This control yields thin film cathode
material structures analogous to integrated layered-spinel
composite electrodes [28,29]. Next, we present the characteriza-
tion of the starting materials by means of Scanning Electron
Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), X-Ray
Diffraction (XRD) and High Resolution Transmission Electron
Microscopy (HRTEM). Moreover, we tracked the changes occurring
in the bulk of the electrode using ex situ XRD and HRTEM. Solid-
state electrolytes such as Li3PO4 and LiPON are electronic insula-
tors but ionic conductors which are well-known for drastically
improving the capacity retention of anode [30] and cathode thin
films [31]. These materials are also essential in the fabrication of Li-
ion thin film microbatteries [26,27]. Another coating material of
interest is ZnO, a semi-conductor which was reported be very
effective for improving the capacity retention of LMNO high voltage
spinel cathodes [12]. Thus, the role of these coatings on the elec-
trode performance was investigated using electrochemical rate
cycling and Electrochemical Impedance Spectroscopy (EIS).

2. Experimental
2.1. Targets and films preparation

LMNO thin films were deposited onto Pt-coated Al;O3
substrates (Coorstek or Valley Design) by means of magnetron
sputtering using homemade targets. The starting LMNO powder
used for making the targets was prepared using a two-step solid-
state reaction, as described by Hagh et al. [32]. In brief, MnO,,
NiO or Ni(OH), (Alfa Aesar) were mixed with a Mn/Ni molar ratio of
3. The mixture was ball-milled for 1 h, recovered, pressed and fired
at 900 °C for 5 h to form a Niz;3Mn;04 spinel phase. Next, the pellet
was ground and mixed with the appropriate amount of Li;CO3
(Mallinckrodt). Three nominal compositions were investigated, i.e.
LilMl‘l1'5Ni0.504, Li0,75Mn1,5Ni0,504 and Li0,5M1‘1].5Ni0‘504, respec-
tively denoted Li{MNO, Li34sMNO and Li;2MNO. The mixing was

followed by another ball-milling and pressing sequence, and a final
firing. This firing was achieved at 1000 °C for 15 h followed by
a slow cooling of 0.5 °C min~! to 700 °C maintained 40 h, and a final
cooling to room temperature at 0.5 °C min~".

For the film deposition, the target-substrate distance was 5 cm.
The other sputtering deposition parameters are listed in Table 1. For
the structural characterization, thick layers were prepared
(1.5—2 um and annealed in air at 750 °C for 2 h) whereas thinner
films (0.4 pm and annealed in air at 700 °C for 1 h) were employed
for the electrochemical measurements. In all cases, 10 °C min~!
heating and cooling ramps were applied. ZnO and LiPON coating
thin films were prepared by reactive sputtering using the condi-
tions provided in Table 1.

2.2. Thin film characterization

SEM and Energy Dispersive X-ray analysis (EDX) were acquired
using a JEOL JSM-6500F Field Emission SEM equipped with an
EDAX detector. XRD scans were acquired with a Scintag Pad V
diffractometer equipped with Cu K, source and Ni filter scanned
from 15 to 70° 26 over 3.5—9 h; longer scans were used to increase
the signal to noise ratio. Surface chemistry was estimated using
a PHI 3056 XPS spectrometer with an Mg source in a 2 x 10~ Torr
vacuum chamber. High resolution scans were taken with 5.85 eV
pass energy, 0.05 eV energy step, and 100—300 repeats to improve
the signal to noise ratio. Survey scans were measured at 93.9 eV
pass energy, 0.5 eV energy step and 30 repeats. The binding ener-
gies were shifted by setting the aliphatic carbon signal to 284.8 eV.
The spectra were deconvoluted using Gaussian—Lorentzian
functions.

In order to minimize air exposure for TEM characterization, the
electrodes were extracted from the electrochemical cells and rinsed
with DMC (Sigma Aldrich) inside an Ar-filled glovebox, then
transferred with minimum air exposure (about 1 min) to a vacuum
chamber to be sputter coated with a protective layer of about 30 nm
Pt. HRTEM imaging and selected area electron diffraction (SAED)
was performed using a FEI Titan S 80—300 S/TEM instrument. FIB-
prepared TEM cross-sections were fabricated with a Hitachi
NB5000 FIB-SEM instrument. Final thinning and removal of FIB-
milling redeposition products and surface contaminants was per-
formed using a Fischione instruments model 1040 nanomill. Elec-
tron energy loss spectroscopy (EELS) was used to determine
valence state changes from Mn and Ni L3/L, white lines intensity
ratio method and were acquired using a Gatan Quantum GIF
spectrometer.

Electrochemical measurements were conducted with either 2-
electrode coin cells (2032 hardware) or Swagelok cells prepared
inside an Ar-filled glovebox. The cells comprised pure Li as counter
electrode, two pieces of Celgard 2500 separator and 1.2 M LiPFg in
ethylene carbonate/dimethyl carbonate (EC/DMC 3:7 per volume)
mixture as electrolyte (Purolyte®, Novolyte). Standard electro-
chemical tests were done using coin cells while swagelock cells
were used for performing ex situ XRD and TEM on the recovered
electrodes. Galvanostatic measurements were performed on
a Maccor 4000 series. 1C-rate, which is equivalent to the current

Table 1
Deposition conditions for magnetron sputtered thin films.

Material Target material Sputtering Pressure Gas Gas flow Power

mode (mTorr) (sccm) (W)
Pt Pt (99.999%) DC 20 Ar 20 20
LMNO LixMNO RF 5 Ar 57 80
ZnO Zn (99.995%) DC 20 Ar/O, 20/10 20
LiPON Li3PO4 RF 20 N, 20 60
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required to discharge the full electrode capacity in 1 h, is typically
equal to 20 pAcm~2 for the films used in the electrochemical
experiments. Rate measurements were performed using a 1C-rate
charge current and discharge currents of 1, 2, 3, 5, 7, 10, 20, 30, 50,
70 and 100 C-rate. EIS was conducted on a Solartron 1470E/1455A
using 10 mV amplitude potential signal from 1 Mhz to 0.1 Hz.

3. Results and discussion

Surface morphology and particle size of the post-annealed films
were investigated by SEM, Fig. 1. No significant differences were
observed between films grown from targets of composition LijMNO
and Li3;4sMNO. The films are polycrystalline and composed of fine
grains (typically 50—150 nm, as confirmed by TEM) which do not
vary substantially in size as a function of annealing temperature and
time. EDX analysis reveals Mn/Ni ratios between 2.5 and 2.7 (c.f.
Table 2) as has also been measured for the starting target materials,
in close agreement with the expected value of 3. The ratio does not
change as a function of annealing, which indicates that Mn and Ni
are not lost during the final annealing. The O and Li concentrations
could not be determined using EDX. For the former, Mn L-edge partly
overlaps with O K-edge, which makes the quantification of O rather
unreliable, whereas Li is too light to be detected by this technique.

Fig. 1. Representative SEM photographs of LMNO thin films post-annealed in air. The
upper image is for a film sputtered from the Li;MNO target and annealed at 700 °C for
1h whereas the lower image is for a film sputtered from the Li3;sMNO target and
annealed at 750 °C for 2 h.

Table 2

Mn, Ni, C and O atomic concentrations obtained from XPS survey scan on thin films.
For the quantification of Ni and Mn concentrations, the 2p3/2 peaks were used. The
Mn/Ni ratios obtained from EDX on thin films are also reported.

Target material Mn (at%) Ni (at%) C(at%) O (at%) Mn/Ni (XPS) Mn/Ni (EDX)

Li;MNO 14.7 4.5 272 536 327 2.70
Liz;sMNO 14.2 3.8 329 491 3.74 2.53
Li; ,MNO 15 35 376 439 428 2.60

The structure of post-annealed thin films determined by XRD is
presented in Fig. 2. In order to ease the identification of the
diffraction peaks related to the spinel phase, a reference pattern for
the powder material is inserted (upper curve). Apart from the
diffraction resulting from the Al;O3 substrate and Pt current
collector (vertical dashed and full bars, respectively), several other
diffraction lines are measured from the films. For the samples
obtained by sputtering LiMNO and Li3sMNO targets, the main
reflections are assigned to LMNO spinel. A few weaker lines are
visible on the right of the diffraction peaks related to the spinel and
may be attributed to a layered material (labeled L). Moreover, very
weak peaks around 21—23° are also observed (labeled M), espe-
cially for the sample sputtered from Li;MNO target. These addi-
tional peaks might be attributed to a monoclinic Li;MnO3; (M)
phase. The results seem to indicate the coexistence of monoclinic
and layered domains with the expected LMNO spinel structure,
consistent with the formation of a layered-spinel composite elec-
trode, i.e. a composition x[LiMnisNip504]+ (1 —x) [LizMnOs3
— LiMng5Nig502] [29]. This assumed composition is further sup-
ported by the electrochemical data presented later.

Concerning the films obtained from Li;,MNO target, they
present a structure similar to Niz3MnO4 spinel in which Mn and Ni
occupy both octahedral and tetrahedral sites [29], the position
occupied by Li ions is, however, not revealed. In the case of this
composition, it is probable that the concentration of Li is insuffi-
cient to displace all transition metal cations into octahedral sites as
is normally the case in the LMNO spinel where Li occupies 1/8 of
the tetrahedral sites and Mn and Ni occupy 1/2 of the octahedral
sites.

The surface of the pristine electrodes was analyzed using XPS,
Fig. 3. The C 1s signals mainly show aliphatic carbon (284.8 eV) with
weak responses from species containing C—O and C=O0 bonds at
286 and 288.3 eV, respectively. These responses are also measured
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Fig. 2. XRD patterns of annealed LMNO films grown onto Al,O3/Pt substrates,
respectively sputtered from stoichiometric (Li;MNO) and Li deficient (Li3;sMNO and
Li;;2MNO) targets. A reference pattern for LMNO spinel powder is given as reference to
ease the identification of the diffraction peaks. L and M denote layered LiMng sNig 502
and monoclinic Li;MnO3 phases, respectively. Vertical dashed and full bars represent
the diffraction lines for Al,03 and Pt, respectively.
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Fig. 3. Surface chemistry of pristine LMNO thin films measured by XPS. The C 1s, O 1s, Mn 3p, Li 1s, and Ni 2p3/2 regions are presented. The spectra are deconvoluted using

Gaussian—Lorentzian functions. The background and residue functions are also shown.

on the O 1s binding level at energies of typically 531.5 and 533.5 eV.
The response at 531.5eV is, however, much larger than the
response measured for carbon at 288.3 eV for C=0, which indicates
that another O bond needs to be taken into account. Likely, —OH
groups are also present on the surface, as will be discussed with the
transition metals signals. The main peak in the O1s corresponds to
oxygen atoms from the lattice and is found around 529.5—530 eV.

The Mn 3p and Ni 2p spectra clearly show similar responses for
the films obtained from Li3;sMNO and Li;MNO targets. The values of
the peak energies for the Mn 3p and Ni 2p3/2 signals are reported in
Table 3. Deconvolution of the core level 2p3/2 signal into three
peaks lead to a major response in the center, at about 49.9 and
855.3 eV for the and Ni 2p3/2 signals, respectively. On the sides,
weaker signals are visible at about 852.5—853 eV and 857 eV for Ni
2p3/2, and 48.3 and 51.5—52.0 eV for Mn 3p. The attribution of the
spectra for Mn 3p and Ni 2p is done assuming that Mn are tetra-
valent ions whereas Ni are divalent ions. The surrounding peaks can
be ascribed to Mn>* at lower binding energies and hydroxyl groups
(—OH) at higher energies. The weak signal measured at lower
energy for Ni 2p is not completely understood. The Li 1s signal show
a single peak around 54 eV, attributed to Li atoms from the LMNO
structure.

For the films sputtered from Li;;MNO target, the Li 1s signal
decreases substantially and a strong signal is detected around
47.7 eV, attributed to Mn?* ions from the Ni;3sMn;04-type struc-
ture. Moreover, signal from Mn** is clearly visible around 49.6 eV.
In NiMn;0g4, Ni and Mn ideally have formal oxidation states of +2
and +3, respectively. However, it is documented that Mn>*
disproportionate into Mn?* and Mn** in NiMn,O4 [33]. When the
structure is Ni deficient, e.g. Nip;3Mn04 as here, the lower amount
of Ni is compensated by further oxidation of Mn>* in Mn**.

Table 3
Peak assignment from fitting the XPS high resolution scans measured on thin films.
Energies in eV.

XPS signal Li;MNO Liz;sMNO Li;2MNO Assignment
Lils 54.05 54.03 53.41 Li

Mn 3p / / 47.67 Mn?+

Mn 3p 48.27 48.46 48.46 Mn3+

Mn 3p 49.99 49.86 49.57 Mn**

Mn 3p 51.90 51.44 51.39 —OH

Ni 2p3/2 852.90 852.92 852.49 ?

Ni 2p3/2 855.26 855.38 854.99 Ni2*

Ni 2p3/2 856.99 857.01 856.79 —OH
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Fig. 4. Typical electrochemical potential profiles of LMNO thin films sputtered from
Li;MNO, Li3;sMNO and Li;;MNO targets during the first (black) and second (grey)
cycles.

Moreover, as Li enters the structure, further oxidation of Mn®* is
expected. All these expectations are well confirmed here with the
Mn signal showing large amounts of Mn?* and Mn**. Furthermore,
the Ni 2p signal is similar to those measured for the other
compositions, which further confirms the formation of a Niy,
3Mn,04 type structure in which Ni ions are divalent. Looking at the
surface composition (c.f. Table 2), the surface seems to be depleted
by Ni ions as the Li content decreases, whereas the Mn/Ni ratio in
the bulk remains more or less the same.

The thin film cathodes have distinct electrochemical responses,
as presented in Fig. 4. The formation of a layered-spinel thin film
material is substantiated by the electrochemical potential profile of
the films sputtered from Li;MNO target. The first charge show
characteristics of a layered phase such as LiMng 5Nig 50, between 4
and 4.5 V and a distinctive plateau around 4.55 V which is normally
attributed to the net loss of Li,O from Li;MnOs [28]. The rest of the
charge displays the two well-known plateaus centered around
4.7 V resulting from the LMNO spinel phase. During the subsequent
discharge, and the subsequent cycle, the reactions below 4.6 V are
almost completely absent and only a weak inflexion around 4.0 V is
visible. This reaction can probably be ascribed to the oxidation of
Mn>* into Mn** within the LMNO spinel, as is very well docu-
mented [2]. Therefore, the response between 4 and 4.5 V during the
first charge can also account to a small extent for the oxidation of
Mn>* present inside the LMNO spinel.

In summary, the electrochemical reaction during the first charge
is assumed to consist of the oxidation of Ni?* into Ni>* then Ni%*
within a layered phase of possible composition LiMngsNig502
(4—4.5 V), the decomposition of Li;MnOs3 into MnO,, O; gas and Li
ions and electrons (4.5—4.6 V), and the oxidation of Ni2* into Ni>*
then Ni** within the LMNO spinel (>4.6 V). During the subsequent
discharge, and subsequent cycles, Mn>* present within the LMNO
spinel is active around 4.0 V, but most of the reaction occurs around
4.7 V within the spinel due to the oxidation of Ni. Using a cut-off
potential of 3.5V, the formed MnO, is not expected to be electro-
chemically active [28]. However, the layered phase should provide
some capacity. Although there is a small inflexion around 4.0V
during discharge, the capacity spent in that region is much lower
than the capacity obtained from the layered phase during the first
charge. Therefore, we hypothesize that the absence of response
from the layered phase is indicative of the conversion into an
inactive phase upon Li removal.

The theoretical capacity for the stoichiometric LMNO spinel
is 65.5pAhcm2um~! assuming a gravimetric capacity of

120
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E
s |
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2
g
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SARRAESESL 00000004 N
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40 T T T T
0 10 20 30 40 50

Cycle

Fig. 5. Cycle life of LMNO thin films sputtered from Li;MNO (square) and Liz;sMNO
(diamonds) targets. Both charge (black) and discharge (red) capacity curves are pre-
sented. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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146.7 mAhg~' and 4.47gcm~>3 density. The initial charge
capacity of these films is about 105 pAhcm~2 pm~! for a revers-
ible capacity of about 50 pAhcm 2pm~L The irreversible
capacity during the first charge is related to the Li excess present
as layered and Li;MnO3 materials as well as from the electrolyte
decomposition. This is further evidenced during the second and
subsequent cycles (not shown here) where the charge capacity
remains high at about 60 pAh cm~2 pm~". A close comparison of
the charge and discharge capacities spent in the 4—4.5, 4.5—4.6,
4.6—4.7 and 4.7—4.8 V indicates that the electrolyte decompo-
sition is mostly taking place above 4.6V, especially at potentials
larger than 4.7 V.

For the films sputtered from a target of composition Li3;4sMNO,
the response from a layered phase (4—4.5V) is less pronounced
while the plateau around 4.55V attributed to the conversion of
LiMnOs is absent. In addition, compared to the films sputtered
from LijMNO target, the total charge capacity (about
90 pAhem—2 pm~1) is lower and the reversible capacity is higher
(about 58 pAh cm~2 um~1). These results clearly indicate that the Li
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Fig. 6. Characterization of structural changes by XRD for LMNO thin films sputtered
from Li3sMNO target. XRD patterns for pristine (black), 4.7 V charged (blue), 485V
charged (red) and 1 time cycled at (3.5 V, green) electrodes are presented for the (111),
(311) and (400) diffraction peaks. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

T
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content in the films sputtered from an Li deficient target is lower, as
expected, however it is still high enough to create a material which
is close to being stoichiometric and have a capacity close to the
theoretical value (about 65.5 pAhcm~2 pm™"). During the subse-
quent cycle, the removal of Li ions mostly takes place around 4.7 V
within the spinel as there is hardly any response observed below
4.6V. The second charge capacity (about 68 pAhcm™2um™!) is
higher than the corresponding discharge capacity (58 pAh
cm~2 pum), as also found for the films sputtered from Li;MNO target,
and is also attributed to the electrolyte continuous decomposition
above 4.6 V.

The films obtained from a target of composition Li;2MNO
present a rather sloping potential profile response and much lower
capacities. The redox couples involved in the different regions of
the profiles are not clearly evidenced. The capacity from these films
is much lower, as is expected from the lower Li 1s signal evidenced
in XPS (Fig. 3). Nonetheless, the measured capacity is much lower
than that expected for films sputtered from a target of composition
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Fig. 7. Characterization of structural changes by XRD for LMNO thin films sputtered
from Li;MNO target during the first electrochemical cycle. XRD patterns for pristine
(black), 4.63 V (orange), 4.7 V charged (red), 4.85 V charged (blue) and 1 time cycled
(3.5V, green) electrodes are presented for the (111), (311) and (400) diffraction peaks.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 4
Lattice parameters (nm) obtained from Rietveld refinements for LMNO films sput-
tered from Liz;4sMNO and Li;MNO targets and cycled to various potentials.

Target As-prepared 4.63V 4.7V 485V 1 Cycle (3.5V)
Liz;sMNO 0.8164 / 0.8104 0.8015 0.8166
Li;MNO 0.8161 0.8151 0.8107 0.8011 0.8163

LipsMNO. The reasons for the apparent trapping of Li ions inside
this spinel structure isostructural to Niz;3Mn304 are not understood
at this moment and may perhaps result from the presence of Mn>*
in the structure.

The cycle life of these films is presented in Fig. 5. Over 50 cycles,
the cycle life is good and the change in composition does not
drastically affect the material capacity retention. As previously
discussed, the capacity of films sputtered from Li3;4MNO is some-
what higher than that of films sputtered from Li;MNO. In both
cases, the initial irreversible capacity is high and does not decrease
to zero during the subsequent cycles, which we attribute to the
electrolyte continuous decomposition at high voltages, resulting in
the formation of a CEI. Nonetheless, the good capacity retention
over many cycles ensure that these sputtered films are very good
candidates for studying the material intrinsic properties.

The change in crystallographic structure of the films produced
from Li3;4MNO and Li;MNO targets were characterized using XRD
on thick films, Figs. 6 and 7, respectively. The regions for the most
intense peaks are presented. In the case of films sputtered from
Li3;sMNO target, the peaks have shifted to higher angles as Li is
removed from the electrode, which indicates a decrease of the
lattice parameter of the cubic spinel phase. Upon completion of one
cycle, at full discharge at 3.5V, the peak position is very close to
that of the starting material, which indicates that the cycled
structure recovers its original size. Rietvield refinements of these

patterns were performed, and the resulting lattice parameters
assuming a spinel phase of group symmetry Fd-3m are presented in
Table 4. The lattice parameter of the starting structure (0.8164 nm)
is close to that expected for the cation ordered LMNO spinel phase
(0.8167 nm, space group P4332) in which Ni occupies the 4a sites
and Mn the 12b sites [34]. This is further correlated by the lattice
parameter obtained at half-charge (4.7 V, 0.8104 nm) and full
charge (4.85V, 0.8015 nm), in good agreement with in situ XRD
results by Kunduraci et al. [34]. The voltage separation between the
two plateaus is, however, larger than that observed for the ordered
spinel. It is here typically 60 mV as opposed to about 20 mV for the
transition metal ordered P4332 spinel [34]. The reason for this
apparent contradiction is not clear and beyond the current scope.

In the case of the films obtained from Li;MNO target, the
changes in structure are comparable based on the change of the
peak position upon cycling (Fig. 7), and the lattice parameter
evolution (Table 4) is comparable with reported values [32] and to
those found for the films obtained from Li3;4sMNO target. Interest-
ingly, the electrode charged at 4.63 V has only a slight shift of the
peak position corresponding to a lattice parameter decrease to
0.8151 nm. From the potential profile (Fig. 4, upper plot) it is clear
that a substantial amount of Li ions has been extracted at 4.63 V.
We initially selected this potential as the point where the spinel
would not have released Li ions at all, which appeared to be slightly
too high. Nonetheless, it is evident that the reaction of the spinel
phase has just started at 4.63 V given the small reduction in lattice
parameter. Assuming a linear relationship between lattice param-
eter and Li content, this decrease in lattice parameter corresponds
to about 7% of Li removed from the spinel phase, which suggests
that Li ions extracted below 4.6 V are resulting from a different
phase than the spinel phase. The weak diffraction peaks between
21 and 23° seem to have disappeared upon charging, however this
is questionable given their initial weak intensity (Fig. 2). The

Protective Layer

LMNO cathode film obtained from
LiyMNO target

Pt Current Collector

Fig. 8. (a) Bright-field TEM micrograph of an electrochemically cycled LMNO cathode film obtained from Li;MNO target. SAED patterns corresponding to (b) charge at 4.63V, (c)

charge at 4.75V and (d) full charge—discharge cycle (4.8—3.5 V).
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intensities of the peaks denoted by L in Fig. 2 for a layered phase are
also very weak and do not allow a clear discussion on the presence
and transformation of a layered phase.

In order to understand the change in structure at the nanoscale,
we investigated this electrode material at various voltages using
TEM. The structural evolution was measured for the samples
charged at the start of the first plateau (4.63 V), during the second
plateau (4.75 V) and after a full charge-discharge cycle (4.8—3.5V).
Fig. 8a shows a representative bright-field TEM image from an FIB-
prepared TEM cross-section. SAED was used to determine the

crystal structure of the cathode materials and to correlate with
structural information gained from XRD. The ED ring patterns
(Fig. 8b—d) were measured and indexed for all three specimens and
the results show similar reflections, which can all be assigned to the
LMNO spinel phase. Due to the size scale of the selected area
aperture used for electron diffraction experiments, the ED patterns
were acquired only from a small fraction of grains from the thin film
cathode material. Therefore, it was not possible to discern possible
differences between individual layered and spinel phases and
respective fractions thereof. Hence, HRTEM was used to determine

Fig. 9. HRTEM images from FIB-prepared TEM cross-sections of electrochemically cycled LMNO cathode films obtained from Li;MNO target following (a) charge to 4.63 V, (b) charge

to 4.75V and (c) full charge-discharge cycle (4.8—3.5V).
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the structure of individual grains through measurements of lattice
spacing from Fast Fourier Transforms (FFT) of the HRTEM lattices
fringes (Fig. 9a—c). The first images in each set clearly show grains
that are oriented along the [110] zone axis with lattice reflections
corresponding the LMNO spinel phase. Additional HRTEM images
from the respective conditions represent examples of grains pos-
sessing phases that could not be identified through lattice spacing
measurements or correlated with LMNO-layered, LMNO spinel,
Li;MnOs, LiMny04, or LiMnO,. Further detailed analysis of possible
phase transformations are being conducted.

EELS was employed to monitor the changes in oxidation state of
the transition metals, especially Ni, on these (dis)charged thin film
cathodes. Although the white line intensity ratio (WLR) found for
Mn was found to be nearly constant for all samples, the variation of
the Ni WLR did not clearly evidence an oxidation of Ni upon
charging (see Supplementary Information). However, it is clear
from the XRD results that the lattice shrinks accordingly to the
expected mechanism in which Ni* is oxidized. We therefore
suspect that the thinning of the thin film samples by means of FIB
using high energy Ga ions (40 kV), as is commonly performed,
detrimentally modifies the transition metal oxidation states.

The rate capability of (un)coated LMNO thin films obtained from
Li{MNO target is presented in Fig. 10. It is clear that the bare
material measured in a liquid electrolyte have a high rate capability
as it can retain about 85% of the reversible capacity at 100 C-rate.
This value is in fact an underestimate of the material intrinsic
performance. Indeed, the two-electrode cell configuration also
includes the overpotential contributions from the Li counter elec-
trode, which may become significant for high currents. When the
electrode is covered by a thin layer of ZnO, the rate performance
decreases as only about 70% of the capacity can be recovered at 100
C-rate. Still the rate performance remains high. More importantly, it
is clear that covering the electrode with a thin layer of ZnO
decreases the irreversible capacity. Further decrease in the irre-
versible capacity is obtained when the electrode is covered by an
electronically insulating but ionically conductive material, i.e.
LiPON, of somewhat larger thickness. This indicates that preventing
electron transfer to occur directly on the cathode surface but at the
electrode/LiPON interface is essential for reducing coulombic losses
resulting from the electrolyte decomposition (CEI formation). The
rate capability of LIPON-coated electrodes is, however, substantially
decreased as only about 40% of the reversible capacity can be
extracted at 100 C-rate. Nonetheless, the overall rate capability of
these sputter deposited films remains high compared to uncoated
LMNO thin film systems prepared by others [21-25].

In short, the rate capability of these LMNO thin films is very
high. Moreover, coating the electrode surface decreases the irre-
versible capacity but at the cost of some rate performance. The
reasons for the poorer rate performance are likely due to changes in
surface kinetics. Instead of a transfer from solvated Li ions from the
liquid electrolyte onto the electrode surface and subsequent reac-
tion, the transfer now takes onto ZnO or LiPON. In addition, ionic
conduction through the coating is necessary for Li ions to reach the
LMNO electrode surface. There is also an additional transfer resis-
tance at the coating/electrode interface. Coating with a thick layer
(here LiPON) may also reduce the electrode surface area, thus
decreasing the contact area with the electrolyte solution.

In order to evaluate more quantitatively the additional imped-
ance resulting from the coating, EIS was performed at various
potentials during discharge, as shown in Fig. 11. For the bare elec-
trode measured in the liquid electrolyte, the impedance is
composed of suppressed semi-circles and a straight line at lower
frequencies. The former is related to the charge transfer at the
cathode and Li counter electrode interfaces whereas the latter is
representative of the semi-infinite diffusion of Li ions within the

cathode and electrolyte. The width of the semi-circle decreases
from 4.9 to 4.75V and increases as the potential decreases from
475 to 3.7V. The minimum value for the semi-circle width is
around 170 Q for 4.725 or 4.75 V.

When the electrode is covered by a thin layer of ZnO, the vari-
ation of the semi-circle width remains the same. However, the
semi-circles become even more suppressed and the overall width
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Fig. 10. Discharge rate capability of bare, ZnO coated and LiPON-coated LMNO thin

film electrodes (Li;MNO target, 0.4 pm thick) measured in 1.2 M LiPFg in EC/DMC. The
cells were charged at 1C-rate and discharged from 1 to 100 C-rate.
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increases from a minimum of about 250 Q for 4.725 or 4.75 V. This
increase in impedance can be related to the additional resistances
resulting from the coating at both electrode and electrolyte inter-
faces, and due to the ionic conduction through the layer. When
a LiPON film of 40 nm is present on the electrode surface, the
variation of the semi-circle width also remains the same. However,
the semi-circle width increases by several folds with a minimum
value of about 1000 Q at 4.725 or 4.75V. Although the internal
processes responsible for the increase in impedance cannot be
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ascribed unambiguously, it is clear that covering LMNO thin film
electrode with a coating increases the impedance of the electrode.
Moreover, these results obviously corroborates the rate perfor-
mance results shown in Fig. 10, which indicated poorer perfor-
mance for ZnO-covered electrodes, and even poorer for electrodes
covered by a thicker coating of LiPON. Nonetheless, it should be
reminded that the rate performance of these coated LMNO thin film
cathodes remains very high and is higher than those of bare and
thinner LMNO films obtained by ESD or PLD [21—24].
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Fig. 11. Impedance Nyquist plots during discharging (a) bare, (b) ZnO coated and (c) LiPON-coated LMNO thin film electrodes (Li;MNO target, 0.4 um thick). Cells were cycled 10
times before impedance was measured. Impedance was recorded after a potentiostatic discharge of 1 h at each voltage.



118 L. Baggetto et al. / Journal of Power Sources 211 (2012) 108—118

4. Conclusions

Lithium manganese nickel oxide thin films have been prepared
by means of magnetron sputtering from homemade targets of
varying Li contents. Sputtering from a stoichiometric LMNO target
(Li/Mn = 2/3) results in the formation of Li-rich films composed of
a mixture of spinel, layered and monoclinic phases, similarly to
layered-spinel composite electrodes. The layered and monoclinic
phases convert during the first electrochemical charge into
inactive compounds whereas the spinel phase remains active at
4.7 V. Films obtained from a Li deficient target (Li/Mn=1/2) are
mostly composed of a spinel phase along with a minor layered
phase. Sputtering from a target with a further lower Li content
(Li/Mn=1/3) results in the formation of a spinel phase iso-
structural to Niz;3Mny04 with a much lower storage capacity for
Li ions. The capacity retention of these films is good and the rate
performance is very high with typically 85% of delivered capacity
at 100 C-rate.

The role of coating these high voltage cathodes was also
explored using ZnO and LiPON thin films. The rate performance of
coated electrodes was found to be poorer, as expected and
confirmed by EIS. Nonetheless, the rate performance of these (un)
coated sputtered films is much higher than bare LMNO thin films
system prepared by other methods (ESD or PLD). We also found out
that coating the electrode reduces the coulombic losses inherent to
the high voltage cathode measured in liquid electrolyte, although it
cannot completely suppress it. Current efforts are now being
devoted to understanding the surface chemistry of coated thin film
high voltage cathodes.
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