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Abstract: Li-Nb-O-based insertion layers between electrodes and electrolytes of Li-ion batteries
(LIBs) are known to protect the electrodes and electrolytes from unwanted reactions and to enhance
Li transport across interfaces. An improved operation of LIBs, including all-solid-state LIBs, is
reached with Li-Nb-O-based insertion layers. This work reviews the suitability of polymorphic
Li-Nb-O-based compounds (e.g., crystalline, amorphous, and mesoporous bulk materials and films
produced by various methodologies) for LIB operation. The literature survey on the benefits of
niobium-oxide-based materials for LIBs, and additional experimental results obtained from neutron
scattering and electrochemical experiments on amorphous LiNbOj films are the focus of the present
work. Neutron reflectometry reveals a higher porosity in ion-beam sputtered amorphous LiNbO3
films (22% free volume) than in other metal oxide films such as amorphous LiAlO, (8% free volume).
The higher porosity explains the higher Li diffusivity reported in the literature for amorphous LiNbO3
films compared to other similar Li-metal oxides. The higher porosity is interpreted to be the reason
for the better suitability of LiNbO3 compared to other metal oxides for improved LIB operation.
New results are presented on gravimetric and volumetric capacity, potential-resolved Li* uptake
and release, pseudo-capacitive fractions, and Li diffusivities determined electrochemically during
long-term cycling of LiNbOj3 film electrodes with thicknesses between 14 and 150 nm. The films
allow long-term cycling even for fast cycling with rates of 240C possessing reversible capacities as
high as 600 mAhg~!. Electrochemical impedance spectroscopy (EIS) shows that the film atomic
network is stable during cycling. The Li diffusivity estimated from the rate capability experiments
is considerably lower than that obtained by EIS but coincides with that from secondary ion mass
spectrometry. The mostly pseudo-capacitive behavior of the LiNbOj films explains their ability of
fast cycling. The results anticipate that amorphous LiNbOj layers also contribute to the capacity of
positive (LiNixMnyCo,O,, NMC) and negative LIB electrode materials such as carbon and silicon.
As an outlook, in addition to surface-engineering, the bulk-engineering of LIB electrodes may be
possible with amorphous and porous LiNbOj for fast cycling with high reversible capacity.

Keywords: lithium niobate; neutron reflectometry; mass density; porosity; diffusivity; lithium ion
battery; supercapacitor; rate capability; long-term cycling; gravimetric and volumetric capacity

1. Introduction

The positive electrode of a (rechargeable) lithium-ion battery (LIB) has to (i) deliver
charge (i.e., Li* ions) for the storage process into the negative electrode during LIB operation,
and (ii) possess a high electrochemical potential (e.g., 3 V) versus the negative electrode.
Consequently, the electrochemically active material of the positive electrode has to be of
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different chemistry to that of the negative electrode. Currently, this is realized by using
Li-based metal oxides such as LiCoO,, LiNiyMn,Co,O,, x + y + z = 1 (NMC), and LiFePOy
as electrochemically active materials in positive electrodes (e.g., Refs. [1-26] to cite only
some of the work on positive electrodes). Carbon (e.g., graphite) [27,28] and silicon [29,30]
are utilized as Li* storage media, i.e., as electroactive material for negative electrodes. Since
recently, the introduction of lithium niobate (LiNbOs3) in LIB is considered to boost stability
(integrity) and fast operation even for high-voltage (i.e., towards 5 V) LIBs, as it is further
outlined in the next section. LiNbOj3 is not a new type of material. It is known for its
technological importance as described in the next section. A recent application of LiNbO3
is in the field of LIBs. Li-Nb-O-based insertion layers between electrodes and electrolytes
were recently found to protect electrodes and electrolytes from unwanted reactions and to
enable fast Li transport over interfaces. This may result in the proper operation of high-
voltage and high-energy-density LIBs, including all-solid-state LIBs. This work reviews the
benefits of niobium-oxide-based materials and presents additional results obtained from
neutron scattering and electrochemical experiments.

This work is organized as follows. Section 2 gives a literature review of Li-Nb-O-
based materials for fast cycling in LIBs with a focus on LiNbOj3. The reason for the LIB
cycling improvement by lithium niobate will be addressed. The review is divided into four
subsections. Section 2.1 summarizes some basics about lithium niobate. Section 2.2 gives an
overview of lithium niobate-based electrochemically active materials for fast cycling in LIBs.
Section 2.3 is focused on lithium niobate-based insertion layers at the electrolyte/electrode
interface for improved LIB operation. Section 2.4 reviews the reported Li diffusivities
obtained experimentally in bulk-crystalline and amorphous thin-film LiNbOj3, LiTaOs3,
LiAlO,, and LiGaO;. The review reveals the outstanding position of amorphous thin-film
LiNbOj; concerning the highest Li diffusivity.

Section 3 presents new results gained by neutron scattering and electrochemical
experiments to elucidate why LiNbOs3, and especially thin films thereof, improves LIB
operation. The study is focused on the material characterization and the electrochemical
performance of ion-beam sputter-deposited LiNbOj films for fast cycling in LIBs. After
presenting the experimental procedure (Section 3.1), the characterization of a LiNbOj3
thin film by neutron reflectometry (NR) will be reported in Section 3.2. It will be shown
that neutron reflectometry found a high porosity in thin-film LiNbO3, which explains the
measured faster Li diffusion process in deposited LiNbOj films. The higher free volume
explains the benefit of using thin-film LiNbO3; compared to other similar Li-based metal
oxide materials in LIBs. Section 3.3 presents additional electrochemical results (i) on the
potential-resolved Li* uptake and release during cycling voltammetry and constant current
cycling, (ii) on pseudo-capacitive quota determination, (iii) of electrochemical impedance
spectroscopy investigations, and (iv) on gravimetric capacities during long-term cycling
and rate capability experiment. The results reveal that ion-beam sputter-deposited LiNbO3
films allow fast cycling. Section 3.4 contains final remarks, discusses open questions, and
presents the outlook. The work is summarized in Section 4.

2. Review on Lithium Niobate for Fast Cycling in LIBs
2.1. Some Basics of Lithium Niobate

Lithium niobate (LiNbO3) crystals are stable against an air environment and possess a
high melting point (congruent LiNbOj3 at 1255 °C) [31-36]. They are insoluble in water and
organic solvents [33]. LINbOj3 in amorphous form is resistant against crystallization up to
400 °C, as was numerously confirmed in our laboratory (e.g., see Ref. [37]). The stability of
LiNbO3; may stem from the strong bond affinity of oxygen to niobium [38]. Thus, LINbO3
may be suitable for processes where strong mechanical and organic solvent impact appears,
such as in LIB operation.

The Web of Science (WoS) core collection reports to date more than 23,000 publications
when the term “lithium niobate*” or “LiNbO*” is used in the search, including nearly
400 reviews. The overwhelming part of the publications are in the field of optics: WoS cites
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more than 21,000 publications for the term “optic” and “lithium niobate*” or “LiNbO*”,
including 350 reviews. In contrast, WoS indexes only 90 publications when the terms
“LiNbO*” and “lithium-ion battery” are used. The high interest in LiNbOj3 in optics
stems from the fact that crystalline LiNbOs3 is one of the most technologically impor-
tant optical materials due to its pyroelectric, piezoelectric, electro-caloric, acousto-optical,
giant-photovoltaic, ferroelectric, electro-optical, photorefractive, and non-linear optical
properties [31-36,39—45]. This revolutionizes low-power and ultra-high-speed solutions
for optical communication networks and microwave photonic systems [42]. These proper-
ties are combined with the low cost of LiNbO3 production [32]. LiNbO3 has been called
the “workhorse of the optoelectronic industry” [42]. LiNbOj3 in the form of a thin film
(400 nm film) was found to enable high-speed transmissions of a 100 Gbs ! data rate per
wavelength channel on a chip transmitter [45].

LiNbOj; single crystals are grown by the Czochralski method, see, e.g., [33], and are
commercially available. LINbOj3 tends to be nonstoichiometric. In the phase diagram of
the LiO-Nb,Os5 pseudo-binary system (see, e.g., [33]), LINbO3 single crystals have a solid
solution range from the stoichiometric point (50% Li,O) to 47% Li,O. The congruent com-
position contains 48.5% Li;O. Coarse-grained microcrystalline LiNbOj is also commercially
available. The experience in our laboratories (PH and HS) in producing nanocrystalline and
amorphous LiNbOQOjs is as follows. Nanocrystalline LiINbO3 can be successfully prepared
by grain-size reduction of microcrystalline LiNbO3 using the high-energy ball milling
technique [35]. Another method is nanocrystal growth from amorphous LiNbOj3 by heating
treatments [36,46]. Amorphous LiNbOj3 can be produced by the double alkoxide sol-gel
route. This consists of irregular particles with diameters of 1-20 um [36,47]. Amorphous
thin films can be produced by sputter-deposition as described in this work. A recent
article [48] describe coating methodologies of powdered LIB active materials with special
emphasis on atomic layer deposition and chemical layer deposition of LiNbO3 films on
NMC particles. Further synthesis processes for Li-Nb-O entities used in LIB electrodes
and their morphologies are described in the next subsections, where the use of Li-Nb-O as
a negative electrode active material and as a negative or positive electrode coating layer
is reviewed.

The crystal structure of LiNbOj3, including its defect structure (e.g., for congruent
LiNbOj3 [49]), is nowadays extensively studied, and reported, see Refs. [33,34,36] for exam-
ples of a book, a review, and a PhD thesis, respectively. The crystal structure of LiNbOj is
trigonal with vertical displacement of the cations from the center of the oxygen octahedra
in the hexagonal c-axis (the non-centro-symmetric space group R3c and the point group
3m). It has a hexagonal-close-packed oxygen lattice with distorted octahedra sharing faces.
The Nb sits near the center of the octahedra, whereas Li is positioned more off-central,
resulting in a polar symmetry. The crystal structure of LiNbO3; will not be further discussed
in this work, which is more focused on the amorphous phase of LiNbOj3 for LIB operation.
Nevertheless, the lithiation mechanism of crystalline LiNbOj3 grains between conductive
and binder additives represents an interesting task for future examination.

2.2. Lithium Niobate for Fast Cycling in LIBs

The influence of the atomic arrangement on the performance of Li-Nb-O-based LIB
electrodes is of importance for this work. Widely used terms such as amorphous, nano-
crystalline, poly-crystalline, mono-crystalline, voids, and mesoporous, will be used to
discuss the particular atomic arrangements. The atomic network in amorphous materials is
thought to lack long-range order. More specifically, in this work, materials are considered
to be amorphous if they do not produce recognizable patterns in X-ray diffraction (XRD).
Such materials are called X-ray amorphous. Note that X-ray-amorphous materials may
also possess short-range order within small zones (e.g., of below 2 nm). Materials are
considered to be polycrystalline if they are composed of multiple grains that are not
oriented in the same direction. An example of a polycrystalline material is an electrode
film material produced by drying a slurry of crystalline powder mixed with a binder
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and other additives. Nano-crystalline materials are poly-crystalline materials with grains
below 100 nm in diameter, typically in the range from 5 to 50 nm. A single crystal is
mono-crystalline. It is considered to be one (single) large crystal (e.g., a wafer). Voids are
free spaces inside materials, i.e., pores. Mesoporous represents a porous material with
pores in the nanometric range.

Figure 1 presents schematized cross-sections through various kinds of LIBs discussed
in this work. The schematized positive electrode (called also cathode) is an oxide such as
LiNixMnyCo,0, (NMC), which will often be mentioned in this review. Figure 1a shows a
scheme of commercial batteries where the negative electrode (called also anode) contains
graphite [27,28] as the electrochemically active material. More charge can be stored if
the negative electrode encompasses silicon [29,30] (Figure 1b). Figure 1c schematically
shows a LIB whose negative electrode contains various kinds of LiNbOj3 entities mentioned
in this review as suitable for LIB operation. These are, in particular, a combination of
LiNbOj3 nanoplates with carbon nanotubes [50], LINbO3; nanoparticles [51,52] with con-
ductive additives and binders, and porous LiNbO3 [52,53], which will be discussed in the
following sections.

Oo— (b) —0 Oo—
NMC silicon NMC
.F'
+ J—
electrolyte

carbon nanotubes + LiINbO; nanoplates

LiNbO, nanopowder

+ binder

3D-porous LiNbO, electrolyte

Figure 1. Schematized LIBs. The positive electrodes contain NMC. The negative electrode is
(a) graphite, (b) silicon, and (c) Li-Nb-O with different structures. The indicated direction of Li-
ion transport in the electrolyte refers to discharge. This figure appears in color online.

Li-Nb-O-based materials were found to enable fast operation in LIBs and
electrochromic devices [1-20,54-68]. Li-Nb-O compounds [7-9,21,68-74] and niobium
oxides (e.g., NbyOs) [49,58-65,75-78] were used in solid electrolytes [6-15,58,59,71-73,79-84],
and negative electrodes [16,21,50-53,61-65,70-78,85-88] for LIBs and electro-chromic de-
vices [72,79,80,89-91]. Current improvements and perspectives in niobium-based oxides
as fast-charging negative electrode material for lithium [61-65,78,87] and sodium [62,87]
storage are outlined in recent reviews [61-65,87]. Niobium-based oxides are found to
enable fast and safe energy storage in LIBs [65,78] and are recently considered to be suitable
negative electrode materials for use in ultrafast-charging high-power LIBs [78]. During the
cycling of metal oxides such as niobium-based oxides, Li is introduced into the oxide, and
LiyNb,O, compounds may appear in addition to the conversion reaction, which produces
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Li; O and nanometric metallic zones. Li-Co-O networks, similar to those of lithium oxides in
niobium oxides, could overcome key drawbacks of lithium-air batteries [92]. Furthermore,
LiNbO3; may be used for flexible self-charging LIBs [93,94].

Single crystalline LiNbO3 such as LiNbO3 wafers cannot be electrochemically cycled
due to low electronic conductivity. Moreover, its low electronic conductivity is accompanied
by an extremely low ionic (Li*) diffusivity in the range of 1073 m?s~! at room temperature
(the values are listed in Table 1). Crystalline LINbO3 powder may be cycled if it is mixed
with conductive agents, as it is done for positive electrode materials like LiCoO, and NMC.
Otherwise, huge overpotentials appear, inhibiting Li* storage and Li* release. Experiments
revealed the capacity and cycling stability to be dependent on the Li-Nb-O crystallite size.
Li-Nb-O electrodes produced by conventional solid-state reaction and spreading a mixed
slurry on a current collector [51,52] or simply by sol-gel methods [46,47] with micrometer-sized
particles show low capacity (e.g., 50 mAhg !, which is 17% of the reported theoretical maximal
capacity of LiNbO3 of 402 mAhg ! [62-64,87]) and poor cycling stability [50-53,70,79]. A
higher capacity (e.g., 200 mAhg ') and better cycling stability are achieved by decreasing
the size of Li-Nb-O entities to the nanometer range [50-53,70,79]. Best cycling was achieved
for sizes around 20 nm such as Li-Nb-O nanoplates with thicknesses of less than 20 nm [50],
and 20 nm Li-Nb-O particles [51,52]. For 3D mesoporous LiNbO3 with 10 nm pores [53], a
capacity of 175 mAhg~! was found at a 2C rate after 200 cycles in the potential window
1-3 V. In all cases, the improved cycling stability and enhanced capacity are attributed to
the lower diffusion distance that electrons and Li*-ions have to travel in the nanosized
LiNbOj; particles and nanosized Li-Nb-O compound walls in the case of mesoporous Li-
Nb-O materials. So, in contrast to the application of LiNbOj in optical technology where
large LiNbOs crystals are of importance, Li-Nb-O compounds with a lot of defects and
nanometer-sized entities (nanoparticles, nanoplates, mesoporous materials) are of interest
for LIBs. Accordingly, in this work, in addition to the literature survey, the electrochemical
performance of nanometric thin films of amorphous mesoporous LiNbOj as active materials
for LIB electrodes is also investigated in Section 3.

The microwave-induced auto-combustion synthesis of 3D macroporous crystalline
LiNbOs3 hybrids was shown to deliver a higher capacity than commercial LizTisO;, an-
odes [53] because Li* and electron transport in such textured LiNbO; materials is ex-
pected to be enhanced [53]. The utilization of an amorphous or nanocrystalline instead
of a single crystalline network may enhance conductivity [46,47,79,95-100]. The work of
Glass et al. [79] was the first work that showed a huge increase in the ionic conductivity in
LiNbOj glass compared to LiNbOj3 crystal. In this glass, obtained by rapid quenching, the
electronic conductivity is said to be negligible. Analogous results were found for LiNbO3
glass synthetized by a sol-gel process [46,47,95,96]. The enhancement in nanocrystalline
LiNbQO3, produced by high-energy ball-milling, was first studied in Refs. [97,98]. It proved
to be similar to that in glassy LiNbOj [46,47,95,96]. The high ionic conductivity may stem
from transport via grain boundaries where a highly defective or amorphous structure is
present, similar to the case of a glassy network. The amorphous network produced by other
methods, e.g., by sputter-deposition, may also enhance electronic conductivity. Indeed, a
recent investigation on the transport properties of magnetron sputter-deposited Li-Nb-O
films onto silicon wafers found that (i) the films are amorphous [99,100], (ii) ferroelectricity
is present [99], and (iii) the conductivity is governed by the electrons [100]. This is con-
sistent with the secondary ion mass spectrometry (SIMS) experiments performed in our
laboratory with O,* primary ion beams on crystalline and amorphous LiNbOs;. These
results show charging during SIMS on crystalline LiNbOj3, but an absence of charging
for amorphous LiNbOs films, indicating good electronic conductivity for the amorphous
material. The amorphous network may enhance the electronic conductivity by defect states.
Temperature-dependent nuclear magnetic resonance (NMR) spectroscopy investigations
of lithiated niobium-oxide polymorphs suggest the presence of delocalized conduction
electrons [55]. There, the higher lithium content obtained upon lithiation may destroy the
original lattice, resulting in an amorphous network.
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The following advantages of Nb-based oxide electrodes can be elaborated from the
literature (e.g., Refs. [64,87]): (i) high thermodynamic stability and electrochemical re-
versibility for LIB operation, (ii) Li-intercalation charge storage mechanism, (iii) inexpensive
Nb-based oxides synthesis, (iv) high theoretical capacity up to 403 mAhg~! due to the
multivalent state of niobium atoms, (v) good rate capability due to relatively large atomic
bond distances, (vi) assumed very low volume change during cycling, (vii) working volt-
ages higher than 1 V vs. Li-metal reference, enabling LIB operation without excessive side
reactions such as electrolyte decomposition [64] or dendrite growth, and (viii) good ionic
and electronic conductivity in an amorphous network. From this point of view, niobium-
based oxides are claimed to represent promising anodes to replace LisTisO1, (because their
theoretical capacity is more than twice that of Li; TisO12) and graphite (because they operate
at a safer potential (i.e., above 1.0 V) than graphite (=0.1 V vs. Li-metal reference) [87]).
Note, however, that LINbOj also has disadvantages. The operation voltage of a LINbO3
cell is lower than that of a Li metal cell or even a silicon [29,30] or graphite [27,28] cell.
This reduces the cell energy density and power level of the cell. A further disadvantage
of LiNbOj3 is that Nb is less abundant than silicon and carbon, and more expensive than
other metals [101,102]. Due to this, there are attempts to use metal doped-niobium oxide
such as BaNbs O [102] and AINbOy4 [103]. However, the main interest in Nb-based
oxides for LIB operation is due to an aspect where Li* storage in LiNbO3 has no primary
importance. Thin films of LiNbQOj3, e.g., with thicknesses around 15 nm [18] located between
the electrolyte (liquid or solid) and electrode, were found to be beneficial for LIB operation.
This means that the capacity determination of the LiNbOj films was not important and
therefore not performed.

2.3. Lithium Niobate-Based Insertion Layers at the Electrolyte/Electrode Interface for Improved
LIB Operation

Figure 2 presents schematized cross-sections through various kinds of LIBs discussed
in this work, where LiNbOj3 insertion layers are between the positive electrode and the elec-
trolyte (Figure 2a,d) and between the negative electrode and the electrolyte (Figure 2b—d).
Note that one future research direction would be to examine LIBs where LiNbOj inser-
tion layers are at both electrolyte surfaces, i.e., on the interface between the electrolyte
and negative electrode and the interface between the electrolyte and positive electrode
(Figure 2d).

Mesoporous, nano-crystalline [21,50-53,58-60,70,74,75,84], and amorphous [1-5,7,8,
18,67,68,79,104,105] films of LiNbOj are thought to optimize the interface properties of
solid-state LIBs towards commercial application [17,20]. LiNbOj3 insertion layers between
the positive electrode material and the liquid or solid electrolyte were found to increase the
capacity and rate capability of high-voltage LIBs by reducing the space charge layer barrier
for Li flow through the electrolyte/electrode interfaces [1-5,8-15,17,18,20,22,67,68,73]. Thin
LiNbOj3 coatings were found to (i) mitigate electrolyte reactions and the release of metal
ions from the NMC electrode into the electrolyte [104,106], (ii) enhance Li diffusion, and
(iii) diminish electrode polarization during LIB operation. The release of gases following the
metal ion release from the electrode into the electrolyte may lead to a LIB explosion [104,106].
A recent work [106] reviews coatings for positive electrode materials, as well as the changes
in electrochemical cycling between those materials with and without an applied coating.

For coatings with LiNbOj3, it was found that a 9 nm thick LiNbOj3 coating layer on
high-voltage positive electrodes facilitates Li diffusion above 4.5 V [22], with the result of
enhancing the capacity retention and reducing the hysteresis from 0.15 V to 0.10 V [23].
Cycling NMC electrodes in liquid electrolytes at a rate of 10C, revealed a capacity of
93 mAhg~! for uncoated NMC electrodes, while the capacity enhances to 129 mAhg~!
for LiNbOs-coated NMC electrodes (Figure 3 in Ref. [23]). At a rate of 1C and after
100 cycles, the capacity for the uncoated NMC drops to 2127 mAhg !, whereas that of
the LiNbOj3 coated NMC remains at ~175 mAhg_1 (Figure 3 in Ref. [23]). More dras-
tic rate improvement is reported for all-solid-state LIBs and LiCoO,; positive electrodes.
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Ohta et al. [9] measured the influence of 1 to 30 nm thick LiNbO3 layers between LiCoO,
positive electrode and solid electrolyte on the rate capability of solid-state batteries (see
Figure 3 in Ref. [9]). The amorphous network of the LiNbOj thin films was found to be
more suitable to enhance the rate capability than crystalline LiNbOj3 thin films [9,73]. The
best performance was observed for ~10 nm thick LiNbO3 films. At a current density
of 5 mAcm 2, the capacity of the all-solid-state LIB without a LiNbOj3 insertion layer
reached only ~8 mAhg~!, whereas that with a 10 nm thick LiNbOj insertion layer im-
proved ten times and reached ~80 mAhg’1 [9]. For a ~30 nm thick LiNbOj3 insertion layer
the capacity remains as high as ~75 mAhg_1 [9]. The LiNbOs3-coated LiCoO, reaches a
discharge capacity of 63 mAhg~! even at a high current density of 10 mAcm 2, which cor-
responds to 0.88 Ag~! [9]. The LiNbO; insertion layers show no change during cycling [24].
For high voltage positive electrodes, the LiINbO3 coatings improve the rate-capability by
reducing detrimental space-charge layers effects [11] and protect the electrodes against
unwanted chemical reactions [5,15]. A possible explanation is that the affinity of oxygen to
niobium [38] bonds volatile oxygen to niobium and, in that way, to the LiNbO3 / positive-
electrode interface. This reduces the defect (e.g., oxygen vacancy) density and reduces
oxygen gas release and CO, formation during the delithiation of NMC cathodes [104].

(a) (b)
graphite LINDO;  NMmC lithium  LiNDO,
. sssssssl
Li ®
®
®
electro- eleciro-
lyte
—_—0 O— —_— 0 O—
(c) (d)
silicon  LINbO; NMC lithium LiNbO, LiINDO, NMC

00000000
0000000
:zoooooo
00000590
0000000

00000

000 o

44444 electro-
0000000

00000000

Figure 2. Schematized LIBs with LiNbOj3 insertion layers (marked in violet) between electrodes and

electrolyte. The indicated direction of Li-ion transport in the electrolyte refers to discharge. This
figure appears in color online. (a) LiNbOj3 insertion layer situated solely at the positive electrode (here
NMQCQ). (b,c) LiNbOj3 insertion layer situated solely at the negative electrode ((b) lithium, (c) silicon).
(d) LiNbOj3 insertion layers situated at the negative electrode (here lithium) and at the positive
electrode (here NMC).

Concerning the improvements of NMC positive electrodes by Li-Nb-O coatings, a
further understanding can be assessed from a recently published transmission electron
microscopy (TEM) investigation [25]. Electrodes based on uncoated NMC particles are
found to present cracks inside and outside the NMC particles. For electrodes with Li-Nb-O-
coated NMC particles, there are no cracks outside the NMC particles, only tiny cracks inside
the NMC particles during cycling. The Li-Nb-O coating possesses the following two benefits
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(i) it maintains the bonding between the NMC particles and, as a consequence, there is no
electric contact loss in the active material, and (ii) the small cracks inside the NMC particles
are proper for cycling because they release strain/stress and enable volume expansion and
in that manner also maintain mechanical integrity. The improvements not only strengthen
the interparticle bonds but also inhibit the irreversible phase transformation of NMC
into the rock-salt phase, which is related to oxygen gas release. Recently, an atomic-scale
observation of oxygen release during the delithiation of NMC cathodes was reported [104].
Oxygen release is suppressed at the interface where the LiNbOj3 coating layer of NMC
particles is sufficiently formed [104]. The experimental results suggest that a 10 nm thick
LiNbOj coating layer suitably stops the oxygen release from an NCM333 cathode [104]. A
recent work [105] reports that even thinner films, of 3 to 5 nm, amorphous LiNbO3 coatings,
are adequate for cathode material cycling improvement if the coatings are uniform. This does
not mean that the LiNbO;3-coated NMC cathodes do not degrade [107,108]. Only the operation
for higher voltages is improved by coating the NMC with LiNbOs [107,108]. For non-coated
cathodes, the degradation of sulfur-based (LigPS5Cl) electrolyte is dominant at potentials
such as 4.25 V (versus Li-reference) [107]. The LiNbOj3 coating shifts the degradation in the
harsh environment of higher potentials (4.55 V vs. Li reference) and at temperatures up to
100 °C [107,108]. It was found that the LiNbOj film releases some oxygen, but still prevents
the transition metals (e.g., Ni) of the positive electrode from reaching the electrolyte. The
Nb atoms remain on the positive-electrode/electrolyte interface without diffusing into the
positive-electrode or the electrolyte, but some oxygen released from LiNbOj interacts with
the electrolyte producing phosphates and sulfates [104,107,108].

Improved LIB operation was achieved also on the negative electrode side (Figure 2b,c).
Tens of nanometers thick LiNbOj3 coatings were found to enhance the performance of Li
metal negative electrodes (Figure 2b) [20,24]. Thin amorphous LiNbOj interface layers
improve the interface between a garnet-type solid-state lithium-ion conductor and a Li
metal anode [20]. A 120 nm thick amorphous LiNbOj insertion layer preserves the Li metal
electrode and inhibits dendrite growth for current densities up to 0.475 mAcm 2 [20]. In
contrast, the solid-electrolyte/lithium-metal interface without a LiNbOj3 insertion layer
revealed dendrites already at 0.350 mAcm 2 [20]. For the case of liquid electrolytes, a
30 nm thick amorphous LiNbOj coating on the Li metal negative electrodes improves LIB
operation [24] by (i) isolating the Li metal from direct contact with the liquid electrolyte,
which preserves the Li metal from unwanted reactions and limits SEI formation, and
(ii) inhibiting the growth of Li dendrites. The metallic Li and LiNbOj3-coated Li-metal
negative electrodes were used together with NMC positive electrodes [24]. In contrast to
the uncoated Li metal, the surface of the LINbOs-protected Li metal remained stable [24].
At arate of 1C and after 100 cycles, the transferred charge for the LIB with the uncoated Li-
metal negative electrode drops from ~166 mAhg~! to ~100 mAhg !, whereas that with the
LiNbOs-coated Li-metal drops less, i.e., from to ~164 mAhg~! to ~131 mAhg~! (Figure 4
in Ref. [24]).

Li-based oxides such as LiNbOy, LiTaOy, Li, ZrOy, Lis TisOy, Li,CoOy, and LiAlO; are the
most widely studied coating materials to improve the cycling of LIB electrodes [17,87,106]. The
understanding of the solid-state Li diffusion process in niobium-based oxides is thought
to be important for the preparation of thick electrodes [61]. Within this class of materials,
LiNbO3 appeared to be the best coating material, due apparently to good charge-transport
properties in the amorphous state [17]. However, the low electron and ionic conductivity
of crystalline niobium-based oxides may still hinder fast charging [87]. Therefore, reviews
claim that there is a need to develop some new strategies to improve electron transfer and
Li* diffusion rates [61,87]. It was found that the formation of the LiNbOj3 layers between
electrodes and electrolytes should take place at low temperatures because, in that way, an
amorphous state possessing high ionic conduction may be formed [73].

Electrochemical investigations of sputter-deposited amorphous Li-Nb-O-based films
without intentional sample holder heating were reported for niobium pentoxide (Nb,Os) [86]
and lithium niobite (LiNbO,) [88]. Note that in lithium niobite (LiNbO,), Nb possesses a
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lower oxidation state than in niobate. Magnetron sputter-deposited 660 nm Nb,Os films
were found to be amorphous [86]. They were cycled galvanostatically (i.e., with constant
current (CC)) in a liquid carbon-based electrolyte (1 M LiPF; salt solved in EC + DMC)
between 1V and 3 V vs. Li-metal potential [86]. Good cycling performance was reported,
without discussing the lithiation mechanism. The charge inserted and extracted during
cycling was reported as charge per unit area and in that way, volumetric and gravimetric
capacity was not reported [86], the latter presumably because the mass density of the
amorphous Nb,Os films was not determined. Magnetron sputter-deposited 1.1 um thick
LiNbO;, films revealed good cycling performance with a reversible capacity of 150 mAhg !
(at C/4) [88]. A Li intercalation/deintercalation process in LiNbO, was considered to
perform via (Li* + e™) + 2Lip sNbO, = 2LiNbO; possessing also some 10% of conversion
reaction of LiNbO, [88].

2.4. Li Diffusivity in Li-Based Metal Oxides

This section presents a comparison of Li diffusivities reported in the literature for single
crystals and amorphous thin films of LiTaO3, LiGaO,, LiNbOj3, and LiAlO;, as obtained
from SIMS experiments. As mentioned before, in addition to LiNbOj3, LiAlO; coatings of
cathode materials (NMC) also stabilize the interface between the positive electrode and the
electrolyte, and significantly improve the rate capability [106]. The latter is attributed to the
excellent Li* conducting nature of LiAlO; [106]. This will be examined here by comparing
(i) Li diffusivities (in this section) and (ii) mass densities (porosities) obtained from NR
experiments (in the next section).

The diffusivities are listed in Table 1. The Li diffusivity in LiTaO, is similar to that in
LiNbOs for similar atomic networks (crystalline or amorphous) [109]. This is as expected
due to the valence-band isoelectronic Ta and Nb. The Li diffusivity differs for the other
listed materials (Table 1) and will be further discussed in Section 3.2.2.

Table 1. Li self-diffusivity in m?s ! at room temperature determined in our laboratory for Li-based
metal oxides (see [109]). The listed diffusivities for amorphous oxides are values measured at room
temperature. The listed diffusivities for crystalline oxides are much lower and are extrapolated to
room temperature via the Arrhenius plot of values measured at higher temperatures.

Oxide ? Damorphous * Dgingle-crystal b Damorphous/Derystal ¢ DarLiNb03/Da-oxide ¢
LiNbO5 ~1 x 10718 ~1 x 10730 ~1 x 1012 1

LiTaOs ~8 x 10719 ~1 x 10730 ~8 x 1011 1.25
LiAlO, ~4 x 10721 ~1 x 10726 ~4 % 10° 2500
LiGaO, ~1 x 1072 ~1 x 10-28 ~1 x 107 10,000

2 Li diffusivity at room temperature measured in amorphous film; ° Li diffusivity at room temperature extrapolated
from measurements at higher temperatures in single crystal; © ratio of Li diffusivity in the amorphous and
crystalline state; 9 ratio of Li diffusivity in amorphous LiNbOj3 film and that in the other amorphous metal
oxide films.

The Li diffusivity in amorphous LiNbO3 is twelve orders of magnitude larger than
in crystalline LiNbOj3 at room temperature (Table 1, [37,109]). This huge difference can be
explained if the Li motion takes place at free surfaces inside amorphous LiNbO3. Hence,
free volume (pores) may be present in amorphous LiNbOs.

The Li diffusivity in amorphous LiNbO;3 (and in the heavier LiTaO, material) at room
temperature was measured to be 2500 and 10,000 times higher than that in amorphous
LiAIO; and LiGaO;, respectively (last column in Table 1), although the Li diffusivity in
crystalline LiNbOj is lower than in crystalline LiAlO, and LiGaO, (Table 1). This indicates
that the fraction of free volume is in amorphous LiNbO3 higher than in amorphous LiAlO,
and LiGaO;. Indeed, neutron reflectometry experiments on amorphous and crystalline
LiNbOj; and LiAlO, that will be described later in this work clarify that the amorphous
LiNbO; films have a higher porosity than the other Li-metal-oxides. Further, the higher
porosity in LiNbOj is interpreted to be the reason for the mentioned higher Li mobility in
amorphous LiNbOj3, suitable to improve the cycling performance of LIBs. Consequently,
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the aim of the further experimental results presented in this work is focused on the elec-
trochemical investigation of solely amorphous LiNbOj3 in the form of single films with
thicknesses between 14 and 150 nm. The investigation of the influence of the thickness may
uncover bulk-like or thin-film-specific electrochemical behavior.

Li diffusivities in other Li-metal-oxides such as NMC, being measured with SIMS, are
more scarce in the literature. A recent article [110] presents new insights for Li diffusion
in near-stoichiometric polycrystalline and monocrystalline LiCoO, gained by SIMS. The
work provides experimental evidence of the oft-claimed sluggish lithium diffusion along
the c-axis. It further indicates that for LiCoO, the Li* diffusion along grain boundaries is
similar to bulk diffusion and does not play a dominating role in overall Li* migration.

3. New Results Attained from Neutron Scattering and Electrochemical Experiments
3.1. Experimental Procedure

LiNbOj3 and LiAlO; films were fabricated using an ion beam coater (IBC 681) delivered
by Gatan, Inc. (Pleasanton, CA, USA). The LiNbOj thin film deposition for electrochemical
investigations was performed on polished copper disks of 14 nm diameter. For NR inves-
tigations, LINbO3 and LiAlO, thin films were deposited on polished crystalline LiINbO3
and LiAlO, wafers, respectively. Electrochemical investigations were performed only on
LiNbOj thin films because they possess higher porosity and higher Li diffusivity than
LiAlO; films, which are prerequisites for better cycling. This will be explained in Section 3.2.

Sputtering was accomplished by two miniature Penning ion guns aimed at the target
positioned 10 cm above the sample. The LiNbO3 and LiAlO, sputter targets were pre-
pared as described in Ref. [37]. For LiNbO3 and LiAlO, synthesis, the oxides Nb,Os and
Al,O3, were mixed with the carbonate Li;COj to enable the thermally activated reaction of
Nb,Os + Li,CO3 — 2LiNbO3 + CO5, and Al,O3 + Li,CO3 — 2LiAIO; + CO,, respec-
tively. Carbonates with natural Li isotope abundance ("*Li,CO3 (92.6% Li and 7.4% °Li),
Alfa Aesar, Germany), and with L4 isotope enriched (°Li,CO3, 96% °Li, Eurisotop, Ger-
many) were used to produce sputter targets with natural Li isotope abundance or with
®Li isotope enrichment. Loss of lithium appears in the film during sputter-deposition. To
prevent sub-stoichiometric Li content, sputter targets with an excess of 10% Li,O were used.
Ar* (5 keV, 180 pA) ions were used for sputtering.

SIMS was performed with a CAMECA IMS-3F/4F machine (France). O,* (5 keV,
50 nA) primary ions were used. SIMS depth profiling found a homogenous distribution of
Li, Nb, and O atoms in the depth of the LiNbOj films, except for at the very surface where
the SIMS signals were higher, probably due to matrix effects, i.e., due to higher ionization
cross-section on the surface.

X-ray diffraction found the sputter-deposited LiNbOj; films to be amorphous. The
film thickness was determined using X-ray reflectometry (XRR) as described in Ref. [27].
Grazing incidence X-ray diffraction (GI-XRD) and XRR were measured with a Bruker D8
DISCOVER (Germany) diffractometer using Cug, radiation. The sputter-deposited LiAlO,
films were also found to be amorphous.

The electrochemical investigations were done with a self-constructed three-electrode
electrochemical cell. As an electrolyte, 1 M LiClO4 (Sigma Aldrich, battery grade, Darm-
stadt, Germany) salt was dissolved in propylene carbonate (PC, Sigma Aldrich, anhydrous,
99.7%, Germany). The cell was assembled and disassembled within an argon gas-filled
glovebox with O, and H,O contents of less than 1 ppm. Metallic lithium (1.5 mm foil, 99.9%,
Alfa Aesar, Germany) was used for counter and reference electrodes. A Biologic SP150
potentiostat and the EC-lab software (BioLogic, Seyssinet-Pariset, France) were used to
conduct the electrochemical experiments at room temperature. Cycling voltammetry (CV)
was performed with different sweep rates. Constant current (CC) experiments were done
for rate capability and long-term cycling experiments with different current densities as
explained in the data presentation. Potentiostatic electrochemical impedance spectroscopy
(PEIS) was performed with 10 mV amplitudes at open circuit voltage (OCV). The diameter
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of the lithiated zone coincides with that of the Li counter electrode and the radius of the
electrolyte chamber tube (10 mm). Note that the investigated films were free of additives.

Differential charge (dQ) plots (dQ/dV) were derived from CC measurements as
described in Ref. [27]. Direct comparisons between CV and dQ/dV plots are given within
this work. They prove the claim that the dQ/dV and CV curves possess similar shapes if
measured during the same cycle and on similar electrodes.

Reflectometry in general measures the (specular) reflected intensity of radiation of
some kind from a flat surface and deduces the related density profile (as a function of the
distance to the surface). The reflecting power of an interface is governed by the density
contrast of the materials on both sides. Often these densities are expressed as refraction
indices. While optical light probes the polarizability and X-rays the electron density, the
here-used neutrons interact with the atomic nuclei, and the ‘scattering length density” (SLD)
is a measure for the averaged attraction or repulsion of the neutron by an ensemble of
isotopes. The latter is important since isotopes of one element might display quite different
interaction potentials (expressed as ‘scattering length”).

The ‘reflectivity curve’ is the fraction of the intensity reflected as a function of the
momentum transfer g, of the incoming beam. g, = (47sinf)/A is a function of the angle
of incidence 8 and the neutron wavelength A. For most materials, a neutron beam hitting
the surface towards air at a very small g, is totally reflected (i.e., the index of refraction is
smaller than 1). Typically, the ‘angle of total reflection’ is a few tenths of a degree and it
is a very precise measure of the average density of the surface. Above this critical g,, the
beam penetrates the material and only a small fraction is reflected: The reflectivity curve
drops with g, ~%. If the penetrating fraction of the beam comes across another interface, it is
again partially reflected and partially transmitted. In systems with many interfaces, quite
complicated up- and down-traveling wave fields evolve (a reflected beam part might be
re-reflected on an interface above). All partial waves leaving the surface interfere and the
resulting measurable intensity is thus a function of all interface contrasts, of the distances
in-between and of g,.

The reflectivity curve above the critical angle thus shows fringes and oscillations
modulating the previously mentioned g, * drop. Reflectivity measurements are analyzed
by comparing a calculated reflectivity based on a model of the sample to the measured one.
The model essentially consists of a sequence of layers, each with an SLD and a thickness.
The relation of the SLD to a chemical composition has to be based on ‘external” knowledge
and probably other techniques. An exception here is provided by the controlled variation
in the isotope composition: variations in the SLD profile can then be related to this one
parameter and thus to the absolute density of the respective element.

Specular neutron reflectometry probes the laterally averaged SLD, but with a depth-
resolution reaching down to atomic distances. The averaging means, that no information
about lateral order on a small scale or even crystallinity can be deduced.

Neutrons have a high penetration depth (several cm) in most materials (only a few
isotopes are neutron absorbers) and thus can easily penetrate the ‘environment’ of the sur-
face under investigation and they are not attenuated by the sample itself. The environment
here might be the containment of an electrochemical cell or a furnace. It is thus possible
to perform these measurements on an intact buried interface and even during operation
as long as the surface is sufficiently flat and large. Films on wafer surfaces and functional
devices based thereon are thus the ideal candidates for this method.

The NR measurements were recorded on the reflectometer Morpheus located at the
Schweizer Institut fiir Neutronenquellen (SINQ), Paul Scherrer Institut (PSI) Villigen,
Switzerland. NR simulations were performed using the Parratt32 software package [111]
and the online calculator given in Ref. [112].
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3.2. Determination of Mass Density, Free Volume, and Their Impact on Li Diffusivity
3.2.1. Mass Density and Free Volume

X-ray diffraction measurements found the ion-beam sputter-deposited films to be
amorphous, i.e., without long-range crystalline order. The mass density can be obtained
from XRR and NR. We present NR measurements because neutron scattering is isotope-
sensitive allowing for contrast variation. The following analysis will refer to films with
natural isotope abundance and films possessing 96% °Li isotope enrichment. The nat-
ural abundance of the Li isotopes amounts to 92.6% “Li and 7.4% °Li. For reflectivity
measurements, the films have to be smooth, and consequently, they are deposited on
flat substrates like polished Si-wafers. However, we adopt another route and deposited
amorphous Li-metal-oxide films on their respective crystals. The NR data depends on
the chemical composition, the isotope abundance, and the number density of the neutron
scatters (nuclei). In the case that the chemical composition and the isotope abundance do
not differ between the amorphous film and the crystalline substrate, the nuclei number
density is directly proportional to the mass density. In that particular case, a mass density
difference between film and wafer can be observed directly in the NR data. If there is
no difference in mass density between substrate and film, the reflectivity curve does not
show interference fringes. Changes in the NR pattern will then directly indicate a different
mass density. In that case, the existence of nano-scaled voids (i.e., mesoporosity) in the
amorphous films can be proven, with the limitation of no surface contamination. For this
part of the NR data analysis, we consider the chemical composition as known (LiNbO3) and
determine the mass density from the SLD. To do that, there is no need for isotope variation.
Isotope variation was performed primarily to examine the Li concentration of the films, the
elaboration of which is presented later via the Equations (1)—(5). In fact, the elaboration
expressed in the Equations (1)—(5) allows one to determine both variables, i.e., the chemical
composition and the number density, from the isotope variation experiment.

Figure 3a presents the measured NR pattern (black squares) and the corresponding
simulation (continuous black line) of a bare LiNbOj3 single crystal with natural Li isotope
abundance, termed ™'LiNbO3. Except for the total reflection edge located at around
0.15 nm~1, the NR pattern shows no features. The measured NR pattern can be well fitted
using a neutron scattering length density (SLD) of (4.25 4+ 0.20) x 10~* nm~2. The errors
were obtained from a 10% increase in x? of the best fit with respect to the fitted parameter
only. As mentioned, the SLD depends on two variables, the number density and the
chemical composition. So, to calculate the mass density from the neutron SLD, one has to
know the chemical composition. It can be considered that the chemical composition of the
well-processed wafers corresponds to congruent LiNbO3. Under this assumption, a mass
density of (4.60 + 0.22) gcm 3 is obtained from the neutron SLD according to the neutron
scattering density calculator [112]. That mass density is listed in Table 2 and corresponds to
literature values of crystalline LiNbOs3 [31].

The neutron pattern of the "*LiNbO; film deposited on the single crystal is presented
in Figure 3a with blue circles. Oscillations (fringe patterns) are observed beyond the
total reflection edge which proves that the neutron SLD (and consequently the mass
density of the film) is different from that of the "LiNbO3 wafer. The pattern can be best
fitted (continuous blue line in Figure 3a) considering that the sputtered ™'LiNbOj3 film
possesses a thickness of 37.5 nm and a neutron SLD of (3.30 & 0.07) x 10~* nm~2, which
is well below that of the underlying "LiNbO3; wafer (Figure 3b). (Note that the fit is
improved by considering an ultrathin (up to 10 nm) surface layer with a low neutron SLD
between 0.4 x 107 nm~2 and 1.2 x 10~% nm~2. This low SLD indicates either a (i) higher
porosity at the surface than in the interior of the LiNbO3; and LiAlO, films, or a (ii) surface
contamination due to the air exposure. The SLD may provide some information on the
surface contamination. LiCOj3 can be ruled out because the high scattering length of carbon
and oxygen produces a high SLD of 3.5 x 10~* nm~2. Lithium nitride (Li3N) and lithium
hydroxide (LiOH) surface contamination may appear due to air exposure. Their low SLD
of 1.2 x 107* nm 2 and 0.06 x 10~* nm 2, respectively, may explain the lower SLD on
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the film surface. Experiments have shown that the mentioned ultrathin surface layer on
amorphous LiNbOj films is volatile and disappears already after a short (2 min) annealing
at 200 °C. This indicates the presence of water traces on film surface. Roughness, e.g., due
to porosity, enhances hydrophilicity (and hydrophobicity into super-hydrophobicity [113]).
Thus, the porous ion-beam sputtered LiNbOj3 films may well possess water traces on the
surface. The SLD of water has a negative value of —0.06 x 10~ nm~2. Thus, the presence
of water-traces explains why (i) the surface of the LiNbQOj3 films possesses a reduced SLD,
and (ii) why this ultrathin surface layer quickly disappears after a short low-temperature
annealing treatment. This work focusses on the higher SLD in the interior of the LiNbO3
and LiAlO; films).
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Figure 3. (a,c) Measured (symbols) and simulated (continuous lines) neutron reflectometry patterns
from (a) an amorphous LiNbOj film deposited on a LiNbOj crystal and that of a bare LiNbOj crystal
(black squares), and (c) an amorphous LiAlO, film deposited on a LiAlO, crystal and that of a bare
LiAlO; crystal (black squares). For clarity, the data are shifted in intensity. (b,d) Neutron scattering
length density depth profiles corresponding to the NR simulations presented with continuous lines
in (a,c), and of simulated bare °LiNbO; crystal (b) and bare °LiAlO; crystal (d). This figure appears
in color online.

Heating experiments to investigate the crystallization process of sputter-deposited
amorphous LiNbOj films found the as-deposited LiNbOj films to possess stoichiometric
composition [37]. Consequently, taking into account the film composition of LiNbO3, a
mass density of (3.59 + 0.08) gcm 3 is obtained from the neutron SLD of the film which is
~22% lower than the mass density of the underlying "'LiNbO; wafer.
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Table 2. Neutron scattering length density (second column), mass density (third column), and the
fraction of the mass density of the amorphous film to the mass density of the corresponding crystal.

Sample ? SLD (104 nm~2) Mass Density (gem—3) Pamorphous-film/Perystal
nat[ iNbOs-wafer 4.254+0.20 4.60 + 0.22 -
nat] iNbOs-film 3.30 £ 0.07 3.60 £ 0.08 0.78
SLiNbO;-film 3.90 £0.15 3.61 £0.14 0.78
naty i AJO,-wafer 3.13 £0.17 2.61 +0.14 -
6LiAlO,-film 3.80 £0.12 2.43 +0.08 0.93

2 The LiNbOj; and LiAlO; films were deposited on "LiNbO3 and "*LiAlO, wafers, respectively.

Note that the approximate congruent composition of the film was proven by film
crystallization performed with annealing treatments at 700 °C. In order to check the Li con-
centration in the as-deposited (i.e., non-annealed) film, experiments with sputter-deposited
LiNbOj3 thin films enriched with °Li (96% °Li), termed ®LiNbOj; films for short, were
performed (Figure 3a). NR found a neutron SLD of 3.9 x 10~ nm~2 (Figure 3b) for the
LiNbO; film, which is larger than that of the "*LiNbO; film, as expected due to the higher
neutron scattering length of the °Li isotope than that of the 7Li isotope. Considering the
congruent composition of LiNbO3 one obtains the mass density of (3.61 & 0.14) gcm 2 for
the ®LiNbO; film, which agrees with that of the " LiNbOj3 film (Table 2).

The elaboration to determine the Li concentration is performed as follows. LiNbOj3
can be considered to be composed of Nb,Os and LiO entities (NbpOs + LirO = 2LiNbO3).
A higher or lower Li content can be expressed by the Li;O content in LiNbO3. It can be
expressed by a variable x as LixNbO(; 5,,/2), where x = 1 corresponds to stoichiometric
lithium-niobate. Hence, the neutron SLD for the "™LiNbOj3 film and °LiNbOs film can be
expressed as

NLibeO(2.5+x/2) . [x . béLi -0.074 + x - b7Li -0.926 + bNb + (2.5 + %) . bo]
1%

)

NLibeO(2.5+x/2) . [x . b6Li -0.96 + x- b7Li -0.04 + bNb + (25 + %) . bo]

= - @

where Npinpo@5+x/2) is the total number of LiyNbO(;5,,/2) units inside the film and
V is the film volume. bgp; = 2 fm, by ; = —2.22 fm, by, = 7.054 fm, and bp = 5.803 fm is
the coherent scattering length of °Li, “Li, Nb, and oxygen, respectively. The expression
inside the square brackets of Equations (1) and (2) gives the scattering lengths multiplied
by the abundances of their corresponding scatterers inside the LixNbO 3 5,,/7) chemical
formula entity.

The total number of LixNbO(, 5., /2) units inside the film can be expressed as

My ixNbO(2.5+x/2)  PLixNbO(25+x/2) * V
MLixNbO(2.5+1/2) MLpixNbO(25+x/2)

®)

NLixNbO(2.5+1/2) =

where My ;,Nbo(2.5+x/2)r MLixNbO(@ 5+x/2), a0d P1ixNbO(2.5+x/2) 18 the film mass, the mass of the
LixNbO(2 5.1 /2) formula unit, and the film mass density, respectively. Using Equation (3),
Equations (1) and (2) become

_ PnatLiNbO3—film * [x - bgri - 0.074 + x - by - 0.926 + by + (2.5 + %) . bo]

4)

MLixNbO(2.5+1/2)

 P6LINDO3—film * [X - beLi - 0.96 + x - by - 0.04 + bnp + (2.5 + 5 ) - bo

®)
MLiNbO(25+1/2)

The equations can be easily solved, and one obtains Lij 119,05 NbO3 050,05 which is

close to the stoichiometric composition of LiNbOs. Lij 1 NbO3 g5 produces the measured

neutron SLD of (3.30 & 0.07) x 10~* nm~?2 if the mass density attains (3.61 & 0.08) gcn’ﬁ3 .
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This value is identical within error limits with the film mass density of (3.59 + 0.08) gcm’3

considering the film stoichiometry of LiNbOj3. So, in the following, the sputter-deposited
films are termed LiNbOj; with a mass density of (3.6 4 0.08) gcm 3 (Table 2).

3.2.2. The Impact of Mass Density and Free Volume on Li Diffusivity

The Li diffusivity in amorphous LiAlO, was found to be only five orders of magnitude
higher than in crystalline LiAlO; (Table 1). This can be well explained by a comparison of
the NR results obtained on LiAlO; (Figure 3c,d) with that on LiNbOj3 (Figure 3a,b) with
results listed in Table 2. The most direct comparison is performed by describing the NR
investigation on the sputter-deposited °LiALO, film on "*LiAlO, crystalline substrate
(Figure 3c). The neutron SLD obtained from NR measurements on the sputter-deposited
LiAlO, film is higher than that measured on the ™LiAlO, single crystal (Figure 3d),
and not lower as in the case of LiNbOj; (Figure 3b). The measured neutron SLD of the
nat] jA10, single crystal (wafer) of (3.13 = 0.17) x 10~% nm~2 corresponds to a mass density
of (2.61 £ 0.14) gem 3, which is as expected for crystalline LiAlO, (Table 2). The measured
neutron SLD of the sputter-deposited amorphous 6LiAlO; film ((3.80 & 0.12) x 10~* nm—2)
corresponds to a mass density of (2.43 + 0.08) gem ™3, which is 7% lower than that of
crystalline LiAlO, (Table 2). In the case of LINbO3, the mass density of the sputter-deposited
films was ~22% lower than that of the crystalline phase (Table 2). This indicates that the
open volume is higher in sputter-deposited LiNbOj films than in sputter-deposited LiAlO,
films. Consequently, the difference in open volume explains why the Li diffusivity in
sputter-deposited LiNbOj3 films was found to be 2500 times larger than in sputter-deposited
LiAlO; films, although the Li diffusivity in LiNbOj3 single crystals is 10,000 times smaller
than that in LiAlO; single crystals (see Table 1).

For the case of lithium gallate (LiGaO,), the Li diffusivity in sputter-deposited amor-
phous LiGaO; films was found to be ten thousand times lower than in sputter-deposited
amorphous LiNbOj films (Table 1). Table 1 illustrates that ion-beam sputter-deposited
amorphous LiNbOs films are a good electrode material choice due to their high Li diffu-
sivity and a high degree of porosity, both proper for LIB operation. The electrochemical
performance is presented in the next section.

3.3. Electrochemical Investigations

We found that thin films, e.g., below 1 um thickness, can be electrochemically cycled
many times without additives. Nevertheless, the capacity of thin-film cathode materials
such as that of magnetron sputter-deposited NMC films strongly decreases if produced
with low Ar gas pressures during film deposition [114]. A gravimetric capacity of only
4 mAhg~! is obtained for NMC films sputter-deposited at an Ar gas pressure of 0.5 Pa
(50 x 10~* mbar) [114]. This might be explained by a Li*-diffusion blocking process [114].
Low capacities of around 3 mAhg ! for NMC films sputter-deposited under a low Ar gas
pressure of 0.01 Pa (1 x 10~* mbar) were also found in our laboratory, even for slow cycling
with extremely low current densities of 0.03 pAcm~2 (C/20). These are very low capacities
compared to those of other electrode materials. From this point of view, NMC electrodes
with capacities below 5 mAhg ! can be considered electrochemically inactive materials.
Note that a suitable selection of sputter-deposition parameters and thermal-procedures
raises the capacity of the NMC film to 120 mAhg~! [115]. In contrast, an additional heat
treatment is not necessary for amorphous LiNbO3 films, deposited at low Ar gas pressure
of 0.01 Pa (1 x 10~* mbar). These show capacities between 300 and 550 mAhg~! even after
hundreds of cycles as shown in Section 3.3.4.

3.3.1. Potential Resolved Li* Uptake and Release during Voltammetry and Constant
Current Cycling

Figure 4 presents the potential and current behavior during the first lithiation and
delithiation cycles of amorphous LiNbOj3 thin film electrodes. Li*-uptake and Li*-release
correspond in Figure 4a,b to negative and positive values, respectively.
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Figure 4. (a) Cycle voltammetry (CV) of the first seven cycles of a 100 nm amorphous LiNbOj film
(sweep rate: 0.1 mVs~1). (b) CV of the first and second cycles of a 150 nm amorphous LiNbOj3 film
(sweep rate: 0.03 mVs~1). (¢,d) Potential profile of the first five CC cycles of the 14 nm (c) and 140 nm
(d) amorphous LiNbOj film. The potential of the LiNbOj3 film electrode (working electrode potential
Ewe) is with respect to the potential of the Li-metal reference electrode. The cutoff potentials for CC
cycles were set to 0.001 V and 2.9 V. The roman numerals I to VI mark predominant Li* releases and
Li* uptakes and are explained in the text. This figure appears in color online.

Figure 4a presents the first seven CV cycles performed on the 100 nm thick LiNbOj3 film
electrode, measured between 0.5 V and 2.9 V. The limit of 0.5 V was chosen by considering
the literature, which mentions that a lower cutoff voltage may result in a decreased cycle
life at least in part due to SEI formation [55,64]. Ref. [55] notices that more lithium is
inserted if the potential cutoff is moved to lower values. This statement is reproduced
by the CV of the third cycle (blue curve) in Figure 4a. The first CV cycle (black curve
in Figure 4a) shows a small predominant Li*-uptake marked with the Roman numeral ],
which is actually a shoulder centered at a potential of ~1.7 V. A stronger one is marked
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with IT and is centered at ~0.8 V. The Li*-release part shows two broad peaks marked with
V and VI. The additional Li*-uptake and Li*-release appearing in the third circle (blue CV
curve) are marked with Il and IV, respectively. During cycling, peak II and V diminishes,
and peak I and VI increases (Figure 4a). Thus, the Li*-uptake I, II, and III may be correlated
with the Li*-releases VI, V, and IV, respectively. Note that the Li*-release increases at the
upper cutoff potential of 3.0 V, which suggests the existence of a predominant Li*-release
at potentials higher than 3 V, similar to NMC cathode materials.

The predominant Li*-uptake and Li*-release peaks presented in Figure 4a are re-
ported also for the cycling of Nb-based oxides [87] such as LiNbO; [88], porous crystalline
LiNbO3 [53], KyLi,NbOj3 [77], and niobium-oxide polymorphs [16,55,58,63,75,87,116-119].
They were observed also for metal oxides such as iron oxide [120,121], cobalt oxide [121,122],
titanium oxide [123], molybdenum oxide [124,125], and copper oxide [122]. The liter-
ature attributes the peak I to (i) Li intercalation corresponding to the oxidation state
transitions Nb>* to Nb** (Nb°* is present in niobium pentoxide Nb,Os, and Nb** in
niobium dioxide NbQO,) [16,58,87], (ii) Li insertion into the metal oxide to form a solid-
solution like compound [120], or (iii) a conversion reaction. The full conversion reaction
5(Li* + e~) + LiNbOj3 = 3Li,O + Nb may consume a lot of Li stock. Note that this five-
electron reaction should be the total reduction reaction, which cannot be assigned fully
to peak I due to the existence of subsequent peaks, i.e., peak I should only be the first
step of a possible total reduction reaction. More probably, peak I may correspond to a
partial reduction.

The Li* uptake IT was allocated to the conversion reaction of the metal oxide [119] and
may be tentatively attributed to the Nb** /Nb%* redox couple [16]. Furthermore, peak II is
observed in the first CV cycle from electrodes consisting of NbO, grains embedded inside
a carbon matrix [118], and for mesoporous Nb,Os particles/grains embedded in carbon
additives [116]. They were attributed to the lithiation of the resin-derived hard carbon [118]
and the formation of a solid-state interphase layer [116]. The predominant Li* uptake III
is attributed to SEI film formation by Refs. [120,122]. TEM experiments on the lithiation
and delithiation investigation of CoO [122] found peak III (Figure 4a) to correspond to
a reversible growth of a polymeric gel-like film resulting from electrolyte degradation.
Peak Ill is attributed to the lithiation of carbon in Ref. [118]. Note that both peaks, i.e., II
and III, lie below 1 V vs. Li reference electrode, where excessive SEI layer formation may
appear [64].

Peak I and VI shift with cycling (Figure 4a). The potential of Li*-uptake I is closer to
its associated Li*-release peak VI, i.e., the potential hysteresis reduces down to 0.15 V at the
seventh CV cycle (red curve in Figure 4a), which is beneficial for LIB operation. This points
to an easy Li* extraction and insertion, similar to that in graphite, as discussed in Ref. [27].
In comparison, for the case of 3D-porous crystalline LiNbOj5 [53], the potential hysteresis
amounts to 0.3 V. This points to higher Li* and electron conductivity in porous amorphous
LiNbOj; than in porous crystalline LINbO3. A very low potential hysteresis can be found
also for niobium-oxide polymorphs [55,63,75,116-119], which is explained via NMR to
arise from a very low activation energy for Li diffusion of below 0.1 eV. The lithiation and
delithiation mechanism is thought to be an intercalation and de-intercalation process of
Li into the niobium-oxide host [55,117]. This finding is in contradiction to the literature
data on the reactivity of metal-oxide compounds toward Li, which explains the mechanism
by a conversion reaction [122]. TEM investigations [122] indicate a reversible conversion
of Co-oxide into Co-metal nanograins embedded into the LiO; matrix. In that case, the
delithiation process should be a Li extraction from Li,O, which is effortful. Consequently, a
reversible conversion process should rather possess a large potential hysteresis between
Li*-insertion and Li*-release. The potential hysteresis amounts to ~0.5 V for the case of
CoO [122] and TiO, [123]. This casts doubts on the hypothesis that the couple (I,VI) in
Figure 4a,b may originate from a conversion reaction. SEI layer formation as the reason for
peak I development may be excluded according to its potential position. The high potential
of peak I (1.6 V) in Figure 4a is similar to that of Li4TisO;, and matches well with the lowest
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unoccupied molecular orbital of the carbonate electrolytes, stopping SEI films and lithium
dendrites growth [61]. In the following sections, information about the peaks I to VI of
Figure 4a is sought by comparing results obtained from films of different thicknesses.

Figure 4b presents the first two CV cycles performed on the 150 nm LiNbOj film. The
Li* uptakes and releases are similar but broader than those of the 100 nm films. The other
film thicknesses, i.e., the 14 nm and 140 nm thick amorphous LiNbOj films were only
cycled with CC. The potential profiles of the first five cycles in the cycling range of 0.001 V
to 2.9 V are presented in Figure 4c,d. The thinner film shows a long-time plateau located
around 0.8 V in the first cycle which is marked with Il in Figure 4c. Potential plateaus in
potential profiles produce peaks in dQ/dV plots [27].

A direct comparison of differential Li*-uptake and -release charge at each potential
(dQ/dV plot) of 14 nm and 140 nm LiNbO; films is presented in Figure 5 for the first
(Figure 5a,b), second (Figure 5c), fifth (Figure 5d), 45th (Figure 5e), and 1279th (Figure 5f)
CC cycle. The current density corresponds to a rate of about 2C and 1C at the 1279th
(Figure 5f) cycle for the thinner and thicker film, respectively. In the first cycle (Figure 5a),
the predominant Li* uptake II is small for the thicker film, but it is very strong for the
thinner film, which reflects the long-time potential plateau II in Figure 4c.

Figure 5b shows the dQ/dV plots corresponding to Figure 5a divided by the mass of
the LiNbOjs film, and in that manner, it shows the potential distribution of the gravimetric
capacity (dC/dV). The comparison between the dQ/dV and dC/dV curves (Figure 5a,b)
indicates that the Li*-uptake II is more predominant in the thinner LiNbOj3 film, a fact that
is discussed in more detail later. At first sight, one may attribute this to SEI layer formation.
One may assume that the SEI layer thickness is similar for both LiNbOj films. Note that
because thicker films need longer time intervals for lithiation, thicker SEI layers may grow.
So, the SEI layer would be thicker, but at least not thinner, on the thicker LiNbO3 film.
Consequently, the Li*-uptake II of the thicker film has to be at least not lower, which is
not the case in Figure 5a, where the opposite was observed. Thus, there has to be another
mechanism than SEI formation for the Li*-uptake II.

As mentioned, peak Il may be attributed also to a conversion reaction. Full conversion
means that the metal oxide is transformed into a Li,O matrix into which Nb-metal clusters
are embedded. The charge density per 1 cm? surface unit (ChD) can be calculated according
to the conversion reaction 5(Li* + e ™) + LiNbOj3 = 3Li,O + Nb,

ChD = Chl'.NLNB — Se. m%{ﬁg — .% — M 6)
ALNG Ming-Afh MinB 147.8 g'N, !

where Chl is the Li* charge inserted into one LiNbO; formula unit, e.g., Chl = 5e according to
the full conversion 5(Li* + e ™) + LiNbO3 = 3Li;O + Nb. Ny Np represents the total number of

LiNbO; formulas involved in the lithiation process. Afli% and m{in, are the area and mass,

respectively. Mg is the molar mass of LiNbOs. d%{}g and pg{% are the thickness and mass
density, respectively. Ny is the Avogadro constant. The Li* uptake according to the full
conversion reaction 5(Li* + e ) +LiNbOj3 = 3Li,O + Nb should then amount to 4.6 pAhcm 2
and 46 pAhcm ™2 for the 14 nm and 140 nm LiNbOj film electrode, respectively.

The charge density for the measured Li*-uptake II presented in Figure 5a was found to be
between 1V and 0.5 V, and amounts to 21 tAhecm 2 and 8 pAhem 2 for the 14 nm and 140 thin
LiNbO; film, respectively. Hence, the following consequences for the lithiation mechanism of
the thicker and thinner LiNbO;3 films result. The Li*-uptake II peak of the thicker LiNbO;
film may correspond to the conversion reaction of (Li* + e™) + LiNbOj3 = Li,O + NbO, which
necessities a Li* amount of 9 pAhcm 2 as theoretically calculated for that conversion
reaction. This value is in close agreement with that obtained from Figure 5a of 8 pAhem 2.
Peak II of the thinner film cannot be solely explained with a conversion reaction because the
charge consumed by peak II of 21 pAhcm 2 is much higher than that of a full conversion
of the 14 nm thick layer (4.6 pAhcm™2). As discussed above, peak II of the thinner film
also cannot be explained by SEI layer formation. The potential of 0.75 V with respect to
the Li-metal reference excludes also Li-plating. So, peak II represents a peculiar huge
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Li* uptake inside thin LiNbOj films. A space charge layer inside the whole 14 nm thick
layer [126-128] due to a Schottky contact of the LiNbO3 film to the copper current collector
may be an explanation [128]. Note that a space charge layer has to be present also on the
LiNbOj3/Cu interface of the thicker film. The Li* uptake inside the space charge layer in
the case of the thinner LiNbOj3 film has to be larger because the peak intensity of peak Il is
higher for the 14 nm than for the 140 nm LiNbOs film. Quantum size effects (QSE) [129] in
the thinner film may explain the different space charge layer in the thinner film.

During cycling (Figure 5), the capacity of Li*-uptakes II and III decreases, and that of
Li*-uptake I and Li* release peak VI enhances. The reduction of the Li*-uptake III is smaller
than that of peak II, which possesses, as expected, the strongest reduction in the case of the
thinnest LiNbOj film. Note the similarity of the second cycle dC/dV curve of the 140 nm
film (Figure 5¢) with the second cycle CV curve of the 150 nm film (Figure 4b) which proves
the similarity of dQ/dV curves (and obviously, dC/dV curves) with CV curves.

The upper cutoff voltage for the 1279th CC cycle of the thinner LiNbOj film (Figure 5f)
was set to 3.8 V and one observes an additional Li* uptake marked with 0 located around
2.5V, together with the indication of a corresponding Li*-release peak marked with VII,
located above 3.75 V. This high voltage Li*-release peak is similar to that of high-voltage
cathode materials such as LiCoO, (e.g., Figures 4 and 5 in Ref. [10]) and NMC. Hence, the
couple (0,VII) may indicate that nano-sized LiNbOj3 such as 14 nm thick layers may be used
also as a high-voltage (cathode) electrochemically active material.

The electron conductivity in amorphous ultrathin LiNbOj films is expected to be too
high to use them as a solid electrolyte. Consequently, according to the potential-resolved
data for Li* uptake and Li* release (Figures 4 and 5), amorphous ultrathin LiNbOj films
may be used as material for LIB negative cathodes, and presumably also for positive
electrodes, if peaks at 3 V or higher (e.g., peak VII in Figure 5f) can be identified. At
higher cycles (Figure 5e,f), the dC/dV curves of the thinner LiNbOj film possess a more
structureless shape, similar to supercapacitors [58-60,130,131], confirming the high Li
mobility in amorphous LiNbO3. The cycling in pseudo-capacitive materials appears in the
bulk of the electrode [131], at confined regions, which are present in porous materials. The
experiments performed to investigate the pseudo-capacitive behavior of LiNbOj films are
presented in Figure 6.

3.3.2. Pseudo-Capacitive Determination

The examination of pseudo-capacitive behavior is performed on peaks (I,V) because
they are located above 1 V vs. Li-metal reference. That means they are inside the stability
window of the state-of-the-art carbon-based electrolytes (see Figure 1 in Ref. [64]). Figure 6a
presents the CV of the 8th to 14th cycle performed with sequentially increased sweep rate.
The time-interval of the CV cycle is controlled by the sweep rate (v) given in microvolts
per second. The higher the sweep rate, the higher the C-rate, and consequently, the
higher the current response. The latter varies also depending on the Li* insertion and
release process [59,60,62,123]. Pseudocapacitive behavior can be examined by plotting the
sweep rate (v) in dependence of the current (i), i.e., i(v) from CV. This can be done at all
investigated potentials.

The response current is often a combination of two separate mechanisms, namely,
(i) a diffusion-controlled insertion with a diffusion current dependence of jdiffusion _ 1,05
and (ii) a surface capacitive effect (including double-layer capacitance and intercalation
pseudocapacitive behavior) whose current response is a linear function of the sweep
rate {Pacitive = py - Consequently, the current response is given by i = av®® + bv, where
the constants a and b deliver the fractions of diffusion-controlled and pseudo-capacitive
character, respectively. The pseudo-capacitive fraction for the amorphous 100 nm LiNbO3
film electrode, cycled between 0.5 and 3 V is presented in Figure 6b. It can be observed
that the Li* insertion and release process between 1.2 V and 2 V (region of peaks (I,VI))
is exclusively of a pseudocapacitive nature (Figure 6b—e). The Li* insertion and release
process in the potential range between 0.5 V and 1 V (region of peaks (II,V)) corresponds
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preponderantly to a diffusion-controlled mechanism (Figure 6b,f). Hence, Li*-uptake I
possesses a capacitive character (Figure 4), probably due to the lithiation of the mesopore
surface of the amorphous LiNbOj films. The Li* uptake II has a more bulk diffusion-
controlled character (Figure 4), probably due to the lithiation of the interior of the mesopore
walls of the amorphous LiNbOj3 films.
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Figure 5. Potential resolved Li* uptake and release from 14 nm (blue curves) and 140 nm (red curves)
amorphous LiNbOj film electrodes during CC cycling with a current density of 13 pAcm 2. The
potential of the LiNbOj film electrode (Ewe) is versus the potential of the Li-metal reference electrode.
(a) dQ/dV and (b) dC/dV plot of the first cycle, (c—f) dC/dV plot of the second (c), fifth (d), 45th (e),
and 1279th (f) CC cycle. The roman numerals I to VI mark predominant Li* releases and Li* uptakes
and are explained in the text. This figure appears in color online.
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Figure 6. (a) CV performed with different sweep-rates beyond the seventh cycle of a 100 nm
amorphous LiNbOj film to determine pseudocapacitive contribution. Potential resolved Li* uptake
and release from amorphous LiNbOj films. (b) Percentage of pseudocapacitive behavior at different
electrode potentials vs. Li metal reference electrode, determined from the CV measurements presented
in (a). (c—f) Peak current versus sweep rate (symbols) together with fits at different electrode potentials.
This figure appears in color online.
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3.3.3. Electrochemical Impedance Spectroscopy Investigations

Figure 7a,b presents the EIS measurements, and the corresponding fits with the equiv-
alent circuit presented in Figure 7b, for the 100 nm LiNbOj film (i) before lithiation, (ii) at
full lithiated, and (iii) at delithiated states. The Li* diffusion coefficients gained from the
EIS examination are presented in Figure 7c. The EIS spectra from the delithiated states
are similar to each other, irrespective of the cycle number, and they are also similar to that
before Li insertion (Figure 7b). Marked differences in EIS data appeared only between
lithiated and delithiated states. The Randles circuit R2/Q1 corresponds to the region of
low impedance (the depressed half circles) in Figure 7a,b. and are strongly reduced in the
lithiated states. This can be attributed to an improved electron conductivity of the film
surface in the lithiated state.

The equivalent circuit element M1 represents a mass transport impedance element
for Li confined in the LiNbOs film [132,133], from which one can determine the Li diffu-
sivities [133] plotted in Figure 7c. The Li diffusivity in the virgin state, i.e., before first
lithiation, amounts to ~1 x 10~'> m?s~! which is three orders of magnitude higher than
that measured by SIMS in amorphous LiNbOj3 films (which amounts to ~1 x 10718 m?s1,
see Table 1). Note that it is considered that electrochemically methods measure fast Li*
diffusion paths (e.g., due to chemical diffusivities), whereas the SIMS data catches also
the slow Li* diffusion paths. From that point of view, direct comparisons between Li
diffusivities obtained by electrochemical measurement methods and those by standard
diffusion measurement techniques such as SIMS are not always appropriate. However,
discrepancies will be discussed later during the estimation of Li diffusivities from rate
capability experiments

3.3.4. Long-Term Cycling and Rate Capability Experiments

Figure 8a presents the gravimetric capacity and Coulombic efficiency obtained for
the 100 nm LiNbOj; film electrode. All cycles were performed between 0.5 V and 2.9V,
except for the third cycle, which was cycled down to 0.1 V (Figure 4a) increasing the
capacity at the third cycle. During CV cycling with a constant sweep rate, i.e., up to cycle
number 7, the capacity decreased to a value of about 420 mAhg~!. After the 7th cycle,
the sweep rate was increased, and the capacity again decreases due to higher rates at
higher sweep rates. After the 14th cycle, the film electrode was cycled with CC at a rate of
approx. 1C for further 100 cycles. The capacity remains constant and, correspondingly, with
almost 100% Coulombic efficiency, which evidences good cycling stability of the ion-beam
sputter-deposited LiNbOj3 film. Afterward, a rate capability experiment (between cycle
numbers 117 and 151) was performed (Figure 8a). Consecutive blocks of four CC cycles
with stepwise ascending current from 1.8 to 28.3 pAcm 2 were performed. Then, the same
procedure was reversed, i.e., with descending currents. The applied currents produced the
rates mentioned in Figure 8a. Higher rates slightly decrease the capacity, but cycling back
to lower currents (cycles 125 to 151) restores the capacity, indicating good cycle stability.

The other LiNbOj films were cycled at higher rates to investigate the ability of LINbO3
for fast cycling (Figure 8b,c and Figure 9). Figure 8b presents the capacity and Coulombic
efficiency of 118 CC cycles on the 150 nm LiNbOj film with a rate of 10C, performed
between 3 V and just before Li plating onset (i.e., up to —0.085 V, see Figure 9b). The
Li-plating appeared at negative potentials with respect to the Li-metal reference electrode
due to overpotentials (see, e.g., Figure 2 in Ref. [27] for further explanation). Overpotentials,
and in that way, the shift of Li-plating to negative potentials, enhances at a high rate due to
higher Li* current densities [27]. The capacity decreases until the tenth cycle (Figure 8b),
stabilizing afterward to ~230 mAhg~! for more than additional 100 cycles, evidencing
good stability also at fast cycling.

Figure 8c presents the long-term cycling of the 140 nm LiNbOj film electrode for CC
cycling up to Li-plating onset at the high rate of 240C, which means an (apparent) full
lithiation in only 15 s. The capacity decreases to less than 40 mAhg !, but it increases again
to the preceding capacity of 250 mAhg~! if the LiNbOj film is subsequently cycled with a
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low rate of 1C (Figure 8c). This indicates that the capacity decrease during fast cycling is
not due to film destruction, but due to kinetic limitations (Li diffusivity) at fast cycling. Li
diffusion in the LiNbQOj film affects the lithiation process. For high current density and low
Li diffusivity, Li plating appears on the electrode surface before full lithiation of the whole
LiNbO; film is reached. Once Li plating appears, the CC lithiation process is stopped,
and the capacity does not reach its full value. So, because the decrease of the capacity
(Figures 8 and 9) is connected to Li diffusion by the time intervals for Li to spread into the
whole film, the Li diffusivity can be estimated from the rate capability experiments as follows.
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Figure 7. (a,b) EIS data obtained from the 100 nm amorphous LiNbOj film, (a) before the first cycle
and after the first delithiation, and (b) in the lithiated and delithiated state of the 14th cycle (i.e., after
the last CV cycle of Figure 6), and of the 114th cycle (i.e., after the 14th CV cycles and after additional
100 CC cycles with 13 uA/cm?). The equivalent circuit is inserted in panel (b). (c) Li diffusivity
obtained from the EIS data in lithiated and delithiated states versus cycle number. The blue-filled
square at cycle number 118 was obtained on the 150 nm LiNbOj film electrode. This figure appears

in color online.
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Figure 8. Gravimetric capacity for Li* release (violet squares) and Coulombic efficiency (green circles)
of (a) 100 nm, (b) 150 nm, and (c) 140 nm amorphous LiNbOj film electrodes versus cycle number.
The capacity for Li* insertion is obtained by dividing the release capacity by the Coulombic efficiency.

This figure appears in color online.
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a 14 nm amorphous LiNbOj film electrode versus cycle number. For better visualization, only
each eighth point is plotted. The vertical arrow indicates the capacity increase after 12 h OCV and
subsequent cutoff potential readjustment to ensure lithiation up to Li-plating onset. The capacity for

Li* insertion can be obtained by dividing the release cap

acity by the Coulombic efficiency. (b) Poten-

tial resolved Li* uptake and release from amorphous 14 nm LiNbOj films for cycle number 46 to

cycle number 346 with a current density of 388 pAcm 2,

presented without overpotential correction

shifts. The cutoff potentials were —0.23 V and 3.5 V, respectively. The oblique arrows indicate shifts
due to increased overpotential. (c) dQ/dV curves of cycles 948 and 958 with a current density of
388 pAcm 2, performed before and behind the region marked with a vertical arrow in panel (b). The

roman numerals I to VI mark predominant Li* releases and Li* uptakes and are explained in the text.

This figure appears in color online.
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The rate is given by the lithiation time interval needed to reach the lower cutoff
potential, i.e.,, by (1h)/t. It would be of desire to recognize the highest possible rate
value at which the whole film still reaches full lithiation. The corresponding characteristic
time, further denoted with tc, may be used to estimate the Li diffusivity (D) according to
D = d?/(2tc), where d is the film thickness, e.g., d ~ 100 nm in the case of Figure 8a. By
comparing the capacities in Figure 8b,c obtained at 10C and 240C, respectively, one can
assume that the Li-diffusion process cannot fully lithiate the film at 240C. So, from the rate
of 240C, the time needed for Li to widespread into the whole films is tc > (1h)/240 = 15 s.
Consequently, D <1 x 1071 m?s~! is obtained from the rate of 240C, which is below the
diffusivities obtained from EIS experiments (Figure 7c). The rate capability experiments
given in Figure 8a will be considered in order to gain more precise diffusivity data. The rate
capability experiment in Figure 8a shows a symmetrical recovery in the capacities when
cycled back to the lower current densities. For example, the capacities at 1C in the current
ascending (cycles number 121 to 124) and descending (cycles 145 to 149) branches are equal
to each other, and even equal to that before the rate capability experiment (Figure 8a). This
means that the LiNbOj film is stable during the rate capability experiment and the film
material does not change from one to the next cycle during the rate capability experiment,
and the capacity decrease is due to Li kinetics. There, the capacity decreases already going
from a rate of C/4 to that of C/2. This means that the rate from which the Li diffusion
process starts to be unable to transport enough Li into the film to enable a full lithiation
of the whole 100 nm thick film, corresponds to C/2. Thus, from Figure 8a, the critical
C-rate before Li plated on the electrode surface is C/2 for the 100 nm thick LiNbOj3 film.
Obviously, this critical C-rate considerably enhances in the case of thinner LiNbOj films.
Further experiments on the 15 nm thick LiNbOj film revealed a critical C-rate of 157C,
which points to pronounced interface (electrolyte/film and current-collector /film interface)
effects and quantum size effects (QSE) [125] in the lithiation process of the thinnest LiNbO3
film. However, these interface and QSE effects should be less pronounced in the lithiation
process of a higher amount of LiNbO3; material, i.e., for the thicker LiNbOj3 film. So, the
sought-after characteristic Li diffusion time for the Li transport into the whole 100 nm
LiNbO3 film is approximated with that of C/2, i.e., tc ~ 0.5 h. In that case, the Li diffusivity
amounts to D &~ 3 x 107! m2s~1. This is three orders of magnitude below that obtained
from EIS experiments (Figure 7c) but of the same order of magnitude as that measured
with the state-of-the-art diffusion measurement technique SIMS of D ~ 1 x 1078 m?s~!
(Table 1). Hence, adequately applied diffusion measurement techniques, in this case, SIMS
depth profiling, describe the cycling process of LIB electrodes. Note that it is not actually
clear whether the Li diffusion in the LiNbOj3 film or Li diffusion in the electrolyte dominates
the kinetic bottleneck. The 1M LiClOy salt in the PC solvent may also cause the kinetic issue.
In that context, rate capability experiments with other electrolytes may shed light on this
problem. Slow Li diffusion in the electrolyte may also cause the overpotential increasing
issue, which is presented in discussing Figure 9.

Figure 9 presents the results of prolonged CC cycling with the high current density
of 388 wAcm 2 of the 14 nm LiNbOj film, beyond initial cycling with 13 pnAcm~2. The
high current density produced a rate of 240C, i.e., the lithiation is completed in 15 s. The
capacity decays from 2800 mAhg~! to ~400 mAhg ! after 950 cycles. Even 400 mAhg !
is a very high capacity, much higher than that for thicker LiNbOj films, which is less than
40 mAhg ! (Figure 8c). Such a film thickness effect on capacity was observed also for the
cycling of LiNbOj crystallites [21,47,51,53]. After 950 cycles (Figure 9a), the film electrode
stayed in open circuit voltage (OCV) overnight (=12 h) with a subsequent readjustment of
the low potential cutoff voltage to ensure lithiation up to Li-plating onset. This affected the
capacity at further cycling, as can be seen from the capacity gap at cycle number 955 marked
with a light green vertical arrow in Figure 9a. The capacity first achieves a higher value of
~640 mAhg~! and then decreases to 455 mAhg ! during the next 300 cycles. Cycling with
alow current of 13 pAcm 2 restores the capacity again to 550 mAhg ! at cycle number 1298.
dQ/dV curves may give some answers to this capacity behavior.
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The initial cutoff potential for the lithiation process presented in Figure 9 was set to
—0.22 V vs. Li reference electrode due to the overpotential. Prolonged cycling increases the
overpotential, which shifts the Li*-uptake to more negative potentials. Consequently, the
potential of Li*-uptake III is continuously pushed below the cutoff potential, which contin-
uously decreases the Li*-uptake III (Figure 9b,c). The potential shift is well observed on the
corresponding Li*-releases IV and V. Both Li*-release peaks are shifted due to the growing
overpotential, and the Li*-release peak IV continuously decreases (curved red arrow) due to
the continuous decay of the Li*-uptake III. Figure 9c presents the dQ/dV curves of a cycle
before (red curve) and after (blue curve) overnight open circuit potential, with subsequent
readjustment of the cutoff potential for lithiation up to Li plating (i.e., before and after the
vertical arrow in Figure 9a). The readjustment of the cutoff potential moves the cutoff
potential to stronger negative values (Figure 9¢c) from —0.22 V to —0.43 V, indicating an
overpotential that increased by 0.21 V during cycling. This overpotential increase is the
reason for the capacity decrease during the long-term cycling presented in Figure 9a and
not a degradation of amorphous LiNbOj3.

In order to rank the high reversible capacity of the 14 nm LiNbOs film electrode,
Table 3 lists the reversible capacities of the 14 nm LiNbOj film electrode in comparison to
those obtained in our laboratory for ion-beam sputter-deposited amorphous silicon, carbon,
and germanium thin-film electrodes, after prolonged cycling at high current densities. The
theoretical capacity is in practice often not achieved likely due to kinetic overpotentials.

Table 3. Reversible gravimetric and volumetric capacities of ion beam-sputtered amorphous film
electrodes of LiNbOj (from Figure 9a), silicon (non-published), carbon (from Ref. [27]), and germa-
nium (non-published) at high cycle numbers and high current densities. The volumetric capacity
of the film (seventh column) and the maximal possible volumetric capacity (eighth column) were
calculated by multiplying the film mass density (sixth column) with the gravimetric capacity (fourth
column) and the maximal possible gravimetric capacity (fifth column), respectively. The last column
lists the theoretical volumetric capacity with corresponding references.

Amorphous Current Film Maximal Film Mass Film Maximal Theoretical
Fil Cycle Densit Gravimetric Gravimetric Densit volumetric Volumetric Volumetric
rm Number ensity Capacity Capacity ensity Capacity capacity capacit
Electrode (LAcm~—2) pacit 3 (gem—3) pactty pacity pactty
(mAhg-1) (mAhg-1) [Refs.] (mAhcm—3) (mAhcm—3) (mAhcm—3) [Refs.]
14 nm LiNbO;3 600 388 500 402 [62-64,87] 3.6 1800 1447 1769 [64]
14 nm LiNbO;3 970 388 700 402 [62-64,87] 3.6 2520 1447 1769 [64]
14 nm silicon 600 1163 300 3579 [29,30,134-138] 2 600 7158 8322 [134-136]
16 nm carbon 600 1163 50 372 [27] 2 100 744 833 [136]
16 nm germanium 260 1163 20 1385 [139] 4 80 5540 7366 [139]

The theoretical capacity of Nb-based oxides is up to 402 mAhg~! [62,63,87], which
is close to that of graphite (372 mAhg~!) [27] but much lower than that experimentally
achievable by silicon (3579 mAhg~1) [29,30,134-138] and germanium (1385 mAhg 1) [139].
Nevertheless, at high cycle numbers and high current densities (Table 3), the gravimetric
and volumetric capacity of amorphous LiNbOj thin films is higher than that achievable by
amorphous silicon, carbon, and germanium thin-film electrodes cycled similarly, i.e., at high
cycle numbers, at high current densities, and between similar potentials. The volumetric
capacities (Cy) were obtained by multiplying the gravimetric capacities (Cg) with the film
mass density (Cy = Cgpfiim)- The film densities were determined with NR and are listed
in Table 3. A remark on reporting gravimetric and volumetric capacities is given in the
next section. Notice the restriction that, unfortunately, the results for the silicon, carbon,
and germanium thin-film electrodes were obtained at higher current density. The higher
reversible capacity of LiNbOs films at high cycles numbers and high rates compared to
those of amorphous silicon, carbon, and germanium films (Table 3), may stem from the
porosity of the LiNbOj films (succinctly: “the holes matter”) and, perhaps, also from the
potential position of the Li* uptakes and releases O, I, VI, VII within the stability window
of carbon-based electrolytes [64].
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3.4. Remarks, Open Questions, and Outlook

The reason for the continuous increase in the overpotential during cycling remains
unknown. On the one hand, it may be related to SEI layer formation, which should be prop-
erly investigated with EIS and NR measurements. Operando NR examination is suitable
to crosscheck the interpretation of the EIS data. Operando NR allows for investigations
without washing procedures and exposure to air, argon gas, or high vacuum. On the other
hand, the overpotential increase may be connected to changes in the ferroelectric domains
during the cycling of the LiNbOs films. It is interesting that ferroelectricity was observed
in sputter-deposited amorphous LiNbOj films [99]. It remains a challenge to investigate
in situ and operando the ferroelectricity during electrode cycling. Overpotentials may be
significantly reduced by dopants or by intermixing agents such as carbon black.

The reason for the huge irreversible Li* uptake during the initial cycling of the 14 nm
LiNbO; film electrode remains also unresolved. One reason may be an additional Li*
storage at interfaces in space charge layers [126-128,140] changed by QSE [129]. Operando
EIS together with operando NR experiments flanked by SIMS depth profiles is expected to
elucidate the film depth position where the huge irreversible Li* uptake takes place. The
results obtained from SIMS depth profiling will not be overlapping but complementary to
those obtained from NR depth profiling. SIMS is more Li-sensitive than NR for lower Li
contents, and vice versa for high Li content. The Li* SIMS signal is of high intensity. On
the one hand, the measured Li isotope SIMS signals are easily obtained to be even higher
than 1 million counts per second. This enables SIMS to detect Li traces. This is suitable to
discern Li contents between 1% and 10%, which is a challenge for NR. On the other hand,
the experience in our laboratory with SIMS is that it is more difficult to discern between Li
contents higher than 50%. These can be more suitably discerned by NR (via the thickness
variation). NR is able to determine the thickness of the LiNbOj films during cycling with
sub-nanometer resolution.

The potential-resolved data (i.e., CV, dQ/dV, dC/dV) shown in this work display
four predominant Li* uptakes (marked with 0, I, II, and III in Figures 4 and 5) and four
predominant Li* releases (marked with VI, V, VI, and VII in Figures 4 and 5). In fact,
there nothing is known about the lithiation and delithiation mechanisms. It is not known
how the Li distribution evolves inside the film electrode during cycling. It is of interest to
elucidate the mechanisms. Note that it is unknown how the Li-insertion (and Li*-extraction)
front proceeds into the amorphous LiNbOj films, e.g., whether there is a diffusion-like,
homogenous-like, or phase-front-like distribution of Li inside the film electrode during
cycling. Such investigations can be performed, as abovementioned, by measuring Li depth
profiles with SIMS [141] and NR [141] at different states of charge, at different cycles, and
for different film thicknesses. Furthermore, °Li/”Li isotope exchange experiments with
SIMS in depth-profiling and (laterally) line-scan modes, may determine Li diffusivities on
the nm up to the mm scale in the electrode, respectively. The ®Li/”Li isotope exchange
experiments can be also performed at different SOC, at different cycles, and for different
film thicknesses. Let us again emphasize that NR is able to investigate operando the
thicknesses variation of films and even that of buried layers during cycling [141].

Throughout the literature, LIB electrode capacity values are often reported in units of
gravimetric capacities (e.g., mAhg~!). For reports on thin-film electrodes, the film mass
density and even the film thicknesses are often not mentioned and are probably unknown.
Consequently, gravimetric and volumetric capacities are not reported, and the capacity
values are reported in charge per surface area unit, e.g., in units of mAhcm 2. The film
mass density and the film volume were determined in this work by neutron reflectometry.
Consequently, in this work, gravimetric and volumetric capacities are reported. The
capacities in this work are given in gravimetric capacities, but, due to known film mass
density (and volume by determination of film thickness and of the film surface area which
was involved in cycling), they can also be expressed as volumetric capacities. In a recent
review [26], it is explained that the expression of capacity values in volumetric capacity is
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even more important in practical cells than that given in gravimetric capacity. Volumetric
capacities are listed in the last column of Table 3.

Amorphous niobium oxides such as niobium pentoxide are expected to behave simi-
larly to amorphous LiNbOj3. This claim can also be examined by electrochemical, NR, and
SIMS investigations.

As reviewed in this work, literature reports state that LINbO3; additives on the surface
of cathodic active materials improve LIB operation. This is called surface engineering [104].
The results of the present work revealed the amorphous LiNbOj3 films to show good cycling
performance with capacities as high as 600 mAhg ! also after hundreds of fast cycling with
rates of 240 C. According to these results, LINbO3 has the perspective to enable a so-called
bulk engineering for LIB improvement. This means that LiNbO3 additives, preferably in
the form of porous and amorphous LiNbQO3, inside the bulk of electrochemically active
materials, may enable fast cycling with high reversible capacity also with materials where
until now this is not possible.

Proposals for future research directions and opportunities in fast charging may con-
cern multilayers with a high repetition of LiNbO3/M bilayers with M = active anode
materials (C, Si, Ge, or Al) or active cathode materials (NMC). They may enable fast cy-
cling with high capacity also in the case of a relatively high amount of Si, Ge, and NMC
material. Last but not least, the cycling of Li-Nb-O material at high potentials at least
up to 5V vs. Li metal reference electrode, should be performed in order to examine the
suitability of Li-Nb-O-based materials as high-voltage cathode materials. This proposed
further future research direction is not limited to Li* batteries but should also be extended
to examine the cycling performance of LiNbO3; /M multilayers toward Na*, K*, and Mn?*.

The examination of the cycling performance of proton-exchanged LiNbO; (as an
example for doped LiNbO3 material) toward Li*, Na*, K*, and Mn?2* batteries, is also a
future research direction, in order to even further enhance kinetics during cycling. The
proton-exchange process can be carried out in a mixture of benzoic acid and lithium ben-
zoate. During proton exchange, lithium is replaced by hydrogen and Li;_,H;NbO3 is
formed, with x up to 0.85 [142]. In the case of LiNbOj single crystals, proton exchange
resulted in micrometric-thick surface layers where Li is substituted by hydrogen. The Li
diffusivity was measured to increase by many orders of magnitude when the H content
is increased [142]. Thus, cycling of partially proton-exchanged amorphous LiNbO3; may
further boost Li kinetics. Recently [143] it was shown that the easy H-bonding switch
in HyV30g high-capacity LIB cathode material upon Li* insertion not only allows better
accommodation of inserted Li* but also enhances Li-ion mobility. The mobility of Li*
is favored by electrostatic repulsion between Li* and H* [143]. Similar processes may
be present also during the cycling of proton-exchanged LiNbOj;. Thus, the existence of
H* in proton exchange LiNbO3; may even further increase the high Li kinetics in porous
amorphous LiNbOjs. In that case, the proton exchange should be performed on porous
amorphous LiNbOs films, which is itself an additional new research direction. In addition
to the electrochemical performance, the determination of Li* and H* diffusivities in the
proton-exchanged porous amorphous LiNbOj films also represents a future research di-
rection. Note that high Li* and H* diffusivities are expected in proton-exchanged porous
amorphous LiNbOj films, which may be suitably determined by quasi-elastic neutron
scattering (QENS) experiments. Another future research direction is to examine the cycling
performance toward Na*, K*, and Mn?* of proton-exchanged and non-proton-exchanged
porous amorphous LiNbOj films. The examination as to whether oxygen mobility is
strongly enhanced in proton-exchanged and non-proton-exchanged porous amorphous
LiNbOj films also constitutes a future research direction.

Concerning the future use of Li-Nb-O in LIB design it should be mentioned that it
must be a low-cost undertaking. Spraying a slurry containing Li-Nb-O crystallites onto
the NMC film could be a cost-effective method. In general, as described in this review,
the commercial advantage of using Li-Nb-O is certainly the fact that Li-Nb-O additives
eliminate the disadvantages of NMC for LIB operation. Obviously, amorphous Li-Nb-O in
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the form of coatings and insertion layers would be of greater benefit for NMC electrode
improvement than Li-Nb-O crystallites alone, provided that the production costs remain
low. As mentioned above, the main advantage of using Li-Nb-O is the improved stability
and the capability for fast cycling. At the moment, it is an open question whether Li-Nb-O
will replace NMC as a positive electrode material.

Overall, the overarching message of this research is that thin amorphous LiNbO3 films
improve the long-term high-rate cycling and reversible capacity of negative and positive
LIB electrodes due to their porous and pseudo-capacitive behavior, which can be further
tuned for even better battery performance.

4. Conclusions

This work aimed to review and examine why LiNbOj layers are thought to be neces-
sary as additives in LIBs to enable the proper operation of high-voltage and high-energy
density LIBs, including all-solid-state LIBs. The focus was to understand the performance
of Li-Nb-O-based materials toward electrochemical cycling. This was achieved by (i) a
literature survey of niobium oxide- and other metal-oxide-based materials with a focus on
LIB performance, (ii) material characterization, and (iii) the electrochemical performance
of ion-beam sputter-deposited LiNbOj thin films for fast cycling in LIBs. Literature re-
ports state that metal oxide insertion layers between electrodes and electrolytes protect
the electrodes and electrolytes from unwanted reactions and enable fast Li transport over
the interfaces. From various metal oxides, Li-Nb-O-based thin films were found to pro-
tect more properly the electrodes and to enable fast Li transport over the interfaces by
reducing charge space layer barriers. The present work gave a review and presented new
data on the material characterization via neutron reflectometry on crystalline wafers and
sputter-deposited Li-metal oxides. The analysis of the NR experiments on amorphous and
crystalline LiNbO3 and LiAlO, found a mass density reduction for the amorphous state.
This indicates porosity, which explains the good cycling ability of amorphous LiNbO3 not
only found in this work but also in other recent endeavors to improve LIB operation. NR
measurements found a 22% lower mass density in the amorphous LiNbOj films (3.6 gem —3)
with respect to crystalline LiNbO; (4.6 gem™3). Such a large mass density discrepancy
was not found for LiAlO,. Amorphous LiAlO, films were found by NR to possess a mass
density of 2.6 gcm 2, which is only 7% lower than that of crystalline LiAlO, (2.6 gcm~3).
This explains also reports on higher Li diffusivity in amorphous LiNbOj3 films than in
amorphous LiAlO, and other amorphous Li-metal oxides. Consequently, in order to con-
nect the material characterization findings to LIB performance, additional experiments on
the electrochemical performance of amorphous LiNbOj thin films were performed. They
found the expected good cycling stability also for fast cycling (high C-rates).

Gravimetric and volumetric capacity, potential resolved Li* uptake and Li* release,
fractions of pseudo-capacitive Li* uptake and Li* release, and Li* diffusivity determination
via EIS and estimated via rate capability experiments, were obtained during long-term
cycling of ion-beam sputter-deposited amorphous LiNbOj3 film electrodes with thicknesses
between 14 and 150 nm. Overall, the films resist long-term cycling even for full lithiation
up to the Li-plating onset, and even for fast rates of 240C. EIS investigations and their
corresponding Li diffusivity determination in lithiated and delithiated states of charge,
indicate that the atomic matrix inside the film does not change from one cycle to the next,
evidencing that the amorphous LiNbOj films are stable against fast cycling. The potential-
resolved differential capacities revealed reversible Li* uptake and Li* release over a large
potential window between 3.8 V and 0.0 V. Most possess pseudo-capacitive behavior via
the walls of the mesoporous LiNbOj films, which explains the stability of the films at fast
cycling. The thinner the LiNbO3 film, the larger the reversible capacity during fast cycling,
pointing to a rate limitation by Li kinetics (Li diffusion processes) in thicker films. The
theoretical capacity of LINbO3 is of the same order as that of carbon and much lower than
that of silicon and germanium. In contrast to this, ultrathin (e.g., 14 nm) films of LiNbO3
films possess a higher reversible capacity than silicon, carbon, and germanium thin-film
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electrodes, after prolonged cycling at high current densities, due to the amorphous LiNbO3
film stability at fast cycling. The Li diffusion coefficient estimated from the rate capability
experiment is three orders of magnitudes lower than that obtained from EIS measurements
but coincides with that measured by the standard diffusion measurement technique of
SIMS. Concerning irreversibility, the 14 nm LiNbOj film possesses a peculiar huge capacity
loss in the first cycle, which (i) appears predominantly at a potential of 0.8 V versus Li-metal
reference potential, and (ii) is not exclusively by a surface reaction but by a bulk process
inside the LiNbOj thin film. Nevertheless, amorphous LiNbOj3 layers are anticipated to
facilitate fast reversible cycling not only of positive electrodes (e.g., NMC) but also of
negative electrodes such as silicon and germanium. The review and the additional results
of this work, provide a perspective for LINbOj3 to be used as a LIB electrode additive, to
enable, in addition to surface engineering, also the bulk engineering of LIB electrodes for
fast cycling with a high reversible capacity of high amounts of to date, for cycling, still
challenging electroactive materials such as silicon, germanium, and NMC. Future research
directions on LiNbO3 /M (M = C, Si, Ge, Al, NMC) multilayer films and proton-exchanged
porous amorphous LiNbOj films to further increase rate capability toward Li*, Na*, K,
Mn?* batteries were also outlined.
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