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Abstract: Lithium cobalt oxide (LCO) cathode has been widely applied in 3C products (computer,
communication, and consumer), and LCO films are currently the most promising cathode materials
for thin-film lithium batteries (TFBs) due to their high volumetric energy density and favorable
durability. Most LCO thin films are fabricated by physical vapor deposition (PVD) techniques, while
the influence of preparation on the materials’ properties and electrochemical performance has not
been highlighted. In this review, the dominant effects (heating, substrate, power, atmosphere, etc.)
on LCO thin films are summarized, and the LCO thin films fabricated by other techniques (spin
coating, sol–gel, atomic layer deposition, pulsed laser deposition, etc.) are outlined. Moreover, the
modification strategies including bulk doping and surface coating for powder and thin-film LCO
electrodes are discussed in detail. This review may pave the way for developing novel, durable, and
high-performance LCO thin films by versatile methods for TFB and other energy storage devices.
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1. Introduction
1.1. Thin-Film Lithium Battery

In recent years, with the rapid development of micro-electromechanical system
(MEMS) and smart wearable devices, applicable power sources with high energy den-
sity and long cycling life are urgently required [1,2]. E.g., integrated circuits, smart security
cards, and other intelligent systems with the micron/nano-scale structures are in need of
thin-thickness, light-weight, long-life, high-safety, and high-energy-density power supply.
Therefore, the thin-film and miniaturized lithium-ion battery (LIB) has become an impor-
tant research direction [3–5]. Among present cathode materials, lithium cobalt oxide (LCO)
has a high working potential and high volumetric capacity [6–9], and its volumetric change
is small enough to avoid film crack upon cycling [10–12]. Moreover, the LCO cathode has
good conductivity, which can meet the electron transport property without conductive
additives. Therefore, the research of the LCO film electrode is important for developing the
high-performance thin-film lithium battery (TFB). An effective way to increase the energy
density of LCO is to increase its cut-off voltage. The modification methods to elevate the
cut-off voltage of powder LCO electrodes are also suitable for thin-film LCO electrodes.
However, it faces several problems that hinder its wide application.

1.2. High-Voltage LiCoO2 Cathode

LCO materials have three phases: a high-temperature-phase layered structure (HT-
LCO), low-temperature-phase spinel structure (LT-LCO), and rock-salt-phase structure
(RS-LTO). The oxygen in the LT-LCO is arranged in an ideal cubic close-packed lattice,
and Co3+ and Li+ are distributed on both sides of the oxygen layer, in which the Li+ layer
contains 25% Co3+ and the Co3+ layer contains 25% Li+. The Li+ and Co3+ are randomly
arranged in the lattice of LCO without a clear boundary. The HT-LCO has excellent
electrochemical performance and belongs to the hexagonal R-3m space group with an
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α-NaFeO2 structure. The oxygen atoms are densely packed with the O3 structure along
the (001) crystal plane, occupying the 6c site. The Co3+ and Li+ are alternately arranged
occupying the 3b and 3a sites of oxygen octahedral holes.

Although LCO has a theoretical capacity of 274 mAh g−1, its reversible capacity is
only approximately 140 mAh g−1 (4.2 V vs. Li/Li+) in practice [13–16]. Therefore, it is
necessary to extract more Li+ from LCO and maintain the stability of crystal structure [17].
The stability of LCO is affected by several factors: First, when LCO undergoes the deep
removal of Li+, metal-ion migration and cation segregation occur in the crystal lattice,
and such structural transformations are irreversible [18,19]. Second, the release of lattice
oxygen leads to the collapse of LCO framework, which leads to the distortion of the crystal
structure [20,21]. Third, cathode electrolyte interphase (CEI) formation on the surface of
LCO affects the Li+ diffusion and electrode durability. Some reports have noted that the
cut-off voltage of LCO should not be above 4.6 V due to the phase transitions at 4.55 V to
H1 and H3-3 phases, and the irreversible transformation causes the lithium loss and further
capacity attenuation [22,23].

The energy density of TFB using the LCO cathode is restricted by its cut-off voltage,
and the modification methods for powder LCO electrodes have important potential for
thin-film LCO electrodes [24,25]. Using the surface coating, the formed artificial CEI can
inhibit the interfacial side reaction and improve the stability of the LCO film under a higher
cut-off voltage for delivering higher reversible capacity [26]. Bulk doping can be achieved
by annealing the sputtered LCO film fabricated from a transition metal-doped LCO target
under appropriate conditions [27,28]. Both bulk doping and surface coating are beneficial
for the electrochemical performance and structural stability of LCO thin films upon cycling.

1.3. Fabrication of LiCoO2 Thin Films

Since the last century, magnetron sputtering deposition technology realizes the merits
of high speed, low temperature, and low toxicity. The magnetron sputtering technology
perfectly fits the microelectronics, micro-memory, and other micro-devices in the field
of low energy demand, and has even gradually been expanded to flexible devices and
implantable medical devices [29,30]. Therefore, magnetron sputtering has become the
most common method for making LCO thin-film electrodes [31]. Various parameters of
magnetron sputtering affect the properties of LCO film electrodes. The growth conditions
of sputtered LCO have great influence on the grain orientation, microstructure, and overall
stoichiometric ratio of the LCO film, and thus affect its electrochemical performance. Since
LCO is an insertion-based cathode material, the powder LCO electrode is usually infiltrated
by electrolyte, so that Li can be released from various directions, while the orientation of
thin-film LCO material greatly affects the activation energy required for Li migration in
all-solid-state batteries [32]. The orientation of LCO films is usually controlled by selecting
appropriate substrate materials [33]. When LCO grains nucleate and grow on substrates
with specific orientations, they will form the same orientation as the substrate [34–36].
Therefore, the optimal orientation conducive to Li-ion transport can be obtained by regulat-
ing the substrate [37]. The LCO films with preferred crystal orientation can be obtained by
in situ heating or post-annealing at a proper temperature. By controlling the sputtering
power, the LCO films with better crystallinity and favorable orientations can also be ob-
tained [38–41]. At the same time, with the bias voltage, LCO films without post-annealing
can be obtained to ensure high crystallization and phase purity [42].

Additionally, LCO thin films can also be fabricated by other techniques, includ-
ing wet-chemistry [43], atomic layer deposition (ALD) [44], and pulsed laser deposition
(PLD) [45]. However, each method has its pros and cons in different application contexts.
Wet-chemistry is a good candidate for future mass production, while physical vapor deposi-
tion (PVD) is suitable for fabricating thin-film devices. Compared to magnetron sputtering,
ALD is good at depositing conformal and ultra-thin LCO films, and PLD can be used to
prepare thick LCO films with versatile composition.
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1.4. Outline

In this review, the important parameters for depositing LCO thin films by magnetron
sputtering are discussed, and some other methods for fabricating LCO thin-film cathodes
are reported, including some important strategies for modifying the powder and thin-film
LCO cathodes. From the industrial perspective, the next development is to combine the
advantages and characteristics of a single strategy into multiple strategies. To obtain a
higher capacity and better durability of LCO films in the limited space, the reasonable
structure design of TFB could induce a higher specific energy density of the LCO thin-film
cathode for more extensive application.

2. Sputtering of LiCoO2 Thin Films

According to the characteristics of target materials and the effect of target deposition,
magnetron sputtering technology can be divided into radio frequency (RF) sputtering and
direct current (DC) sputtering. During operation, secondary electrons are bound near
the target surface by the action of a mutually perpendicular electromagnetic field, which
increases the ionization rate of gas to a greater extent, thus increasing the density of incident
ions. The secondary electrons fall onto the substrate after energy depletion to achieve the
low heat and low damage to the substrate. The ionized inert gas molecules bombard the
target material under the action of an electromagnetic field to make the materials sputtered
onto the substrate, achieving the uniform deposition of films.

2.1. Annealing Process

In contrast to bulk LCO, most LCO films deposited by PVD technology has the problem
of insufficient diffusion kinetics for nucleation and growth, which directly leads to the
structural instability of LCO films. The annealing treatment of amorphous LCO films in air
or oxygen can improve the crystallinity of LCO and reduce the residual stress inside the
film. However, along with the increase in crystallinity, the materials are easy to peel from
the substrate, and thus the control of annealing parameters is important.

Turrell et al. [46] deposited LCO films on tungsten–nickel alloy foils and annealed
them at different temperatures. Figure 1a,b display the XRD patterns of film LCO and
powder LCO samples, respectively. In the XRD pattern of the film annealed at 700 ◦C, a
peak with orientation of (003) that is not favorable to lithium embedding can be found,
while the peak with an orientation of (110) obtained at 500–600 ◦C disappears at 700 ◦C.
The high temperature brings inevitable changes to the morphology of the substrate, and
600 ◦C may be the best annealing temperature in terms of structural properties in this work.
The maximum capacity of 132 mAh g−1 was obtained at 0.1C with a higher cut-off voltage
of 4.3 V. However, after 50 cycles, the capacity rapidly decays to 92 mAh g−1, but the cycle
stability can be improved at the cost of part reversible capacity. Ma et al. [47] deposited
the LCO film directly onto a stainless steel (SS) substrate by RF magnetron sputtering, and
compared the influence of annealing parameters on the surface morphology of the LCO
film. The annealed LCO films all show network cracks with an average width of ~100 nm.
The LCO films annealed in air display more obvious crack with a width of ~400 nm. This
phenomenon may be caused by the mismatch of thermal expansion coefficients between
the SS substrate and the LCO thin film, leading to the residual stress and peeling from
the substrate. Further optimization of the heating rate, holding time, and cooling rate
of annealing may achieve the compromise between crystallinity and internal stress. The
impurity diffusion from the SS substrate to LCO is also one of the reasons for the damage
of the LCO structure. The sample annealed at 500 ◦C shows an initial discharge capacity of
32.5 µAh cm−2 µm−1, but rapidly decreases to 13.4 µAh cm−2 µm−1 after 37 cycles. This
may be caused by the micro-short circuit between thin-film electrodes due to the uneven
roughness of the SS substrate.
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2.2. Substrate Influence

Unlike powder LCO, the thin-film LCO has the advantage of a large contact area with
electrolyte, so that Li+ can be fully extracted without being mainly affected by the grain
orientation. However, the contact area between the LCO film and solid electrolyte is also
limited when the orientation of LCO film is vertical to the substrate.

Wu et al. [48] found that, for the (003) LCO, Li-ions needs to pass through the Co-O
plane with an activation energy of up to 6.8 eV, or must pass through grain boundary with
an activation energy of 0.7 eV (Figure 2a). This ion diffusion pathway is mainly limited
by grain boundary contact at the (003) crystal orientation with high interfacial impedance.
Another Li-ion diffusion pathway of (110) crystal orientation is parallel to the electric field,
and the Li+ diffusion energy barrier along the CoO2 sheet is as low as 0.3 eV, providing fast
Li+ migration channels with the lowest transfer resistance. The TFB using (110) LCO shows
an excellent rate performance of ~47 µAh cm−2 µm−1 (~101 mAh g−1) at a current density
of 500 µA cm−2 (10C-rates) and remains at 45 µAh cm−2 µm−1 after 100 cycles at 2C rates.
Shiraki et al. [49] prepared the (1014) epitaxial LCO films with the CoO2 layer tilted at 52◦

relative to the surface on the Pt (110) surface. In the laminar LCO, Li-ions mainly diffuse in
two dimensions along the CoO2 layer. This means that the (1014) and (1120) LCO films are
suitable for Li-ion conduction. Using the platinum-coated silicon wafers, stainless steels,
and titanium plates as substrates, Bohne et al. [50] observed that the different textures of
LCO films are highly dependent on the substrate properties rather than the thickness of
LCO films. The strong (003) preferred crystal orientation is obtained over a large range of
film thickness. However, sputtering LCO films on Si wafers result in the (101) dominant
crystal orientation. Yoon et al. [51] improved the electrochemical performance of TFB by
adding a Li2O buffer layer to reduce the lattice matching between the LCO cathode and
Al (111) current collector. This strategy inhibits the formation of an Li-deficient phase
Co3O4 and retards the growth of the unmatched (003) LCO. Although the initial discharge
capacity of (003) and (110) LCO cathodes are similar (42.4 and 40.6 µAh cm−2µm−1), the
(003) LCO with lower ionic conductivity exhibits obviously decreased capacity as the
current density increases.
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Copyright 2018, Royal Society of Chemistry.

2.3. Sputtering Power

The post-annealing treatment at high temperature is often accompanied by the reaction
between the cathode material and current collecting substrate, which will cause irreversible
phase transition upon cycling (Figure 2b) [52]. Therefore, the crystalline of the LCO film
without high-temperature treatment becomes a key problem, which could be mitigated by
changing the sputtering power.

Jeon et al. [53] used RF magnetron sputtering to deposit the LCO film on the SS
substrate by varying the sputtering power from 50 to 150 W. After deposition, the films
show the preferred orientations of (101) and (104). As shown in Figure 3a, with the increase
of sputtering power, the crystallinity of (101) and (104) LCO becomes stronger, which is
favorable for improving the lithium transportation. Pan et al. [54] compared the surface
morphology of LCO films deposited by different RF sputtering power. As shown in
Figure 3b–e, the as-deposited films at different power are smooth and crack-free, but the
particles become bigger with the increase in sputtering power. After 25 cycles, the capacity
retention of LCO films fabricated at 150 and 200 W exceeds 88%, while that of other films
prepared at lower power (80 and 100 W) is only ~65%, indicating that increasing the
sputtering power can enhance the cycle stability of LCO films. The bias sputtering of LCO
is also an effective way to fabricate crystalline LCO films. The enhanced electrochemical
properties by the substrate bias are associated with the microscale structural changes due
to the ion bombardment, delivering energy to the deposited films. Tintignac et al. [55]
obtained crack-free LCO films by a combination of biased sputtering and post-annealing. It
is also proven that the de-lithiation process is highly reversible in the LCO films fabricated
by biased sputtering.

2.4. Sputtering Atmosphere

Ar is an inert atmosphere to provide the ions for sputtering the target, while oxygen
acts as a reactive gas for oxidizing the metal target, thus promoting the generation of the
LCO film. Trask et al. analyzed the effect of different O2 contents on the LCO deposition.
The addition of O2 into the Ar induces a fine grain structure of LCO, resulting into similar
morphological changes after high-temperature annealing.
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Figure 3. (a) XRD patterns of LCO films fabricated at different RF sputtering powers. Reproduced
with permission [53]. Copyright 2005, Elsevier. SEM images of as-deposited LCO films on the
Pt-substrate fabricated at different RF sputtering powers of (b) 80, (c) 100, (d) 150, and (e) 200 W.
Reproduced with permission [54]. Copyright 2009, Elsevier.

Jason et al. [56] studied the microstructure evolution of LCO films by varying the
sputtering atmosphere and noted the reduced grain size and absence of the large cubic
grains in the 4% O2 condition (Figure 4a). Without sufficient partial pressure of O2, when
the film is larger than 5 µm, the LCO begins to have large and cubic Li-Co3O4 grains with a
tightly packed (333) plane parallel to the film. When oxygen is present in the sputtering
gas, the LCO film becomes rich in oxygen, thus inhibiting the growth of closed Co3O4
grains, and finer grains appear. With the increasing content of O2, the cycling performance
is also gradually increased. The LCO prepared under the conditions of 2%, 3%, and 4% O2
maintains ~85% of the initial capacity at 0.1C for 100 cycles. The LCO film made under
4% O2 conditions shows an enhanced cycle performance of 95% capacity retention after
100 cycles. For the pure Ar atmosphere, the L shows single close-packed texture grains.
As the O2 content increases, the as-deposited films become fine grains as a result of the
mitigation of volume strain due to the mismatch of LCO and substrate. Tintignac et al. [57]
revealed a stratified HT-LCO and cubic LT-LCO in the LCO films and measured the relative
content of the two compounds, demonstrating the increase of the layered HT-LCO phase
by increasing the gas pressure (Figure 4b). The systematic presence of residual Co3O4
indicates the compositional evolution of LCO film by regulating the working pressure.
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3. LiCoO2 Thin Films Fabricated by Other Methods
3.1. Spin Coating and Sol–Gel Methods

High-quality LCO films have been obtained by magnetron sputtering methods. How-
ever, it is difficult to use those methods to produce large-area and high-quality films due to
high cost, restricted conditions, and long production times. Wet chemistry process offers a
low-cost opportunity for mass production of LCO films.

Kwon et al. [58] achieved the epitaxial growth of LCO films by spin coating, and the c
axis orientation of LCO [1–10] are parallel to the [100] sapphire substrate. By a two-step
process of heating and post-annealing, the LCO film can be promoted to grow in different
orientations. Porthault et al. [59] synthesized the LCO thin films by a sol–gel method using
acrylic acid (AA) as the chelating agent. The gelation process is optimized by changing the
solvents (ethylene glycol and water) and precursor (Li, Co, and AA) molar ratio, and the
films are deposited on Au/TiO2/SixN/SiO2/Si substrate by spin coating. The films are de-
posited by multiple steps to increase the density and calcined at 800 ◦C for 5 h, successfully
forming the R-3m phase HT-LCO film with superior electrochemical performance.

3.2. Atomic Layer Deposition

ALD is a method for forming thin films by alternately pumping a pulsed gas phase
precursor into the reaction chamber and a gas-solid chemisorption reaction occurs on the
surface of the substrate. The periodic deposition process contains four steps: First, though
the first precursor gas, chemical adsorption and reaction happen on the substrate surface;
Second, the remaining gas is flushed with inert gas; Third, through the second precursor
gas, the coating is formed by a chemical reaction with the first precursor gas on the substrate
surface; Fourth, the excess second precursor gas is washed away by flushing gas and the
reaction product is repeated. Unlike chemical vapor deposition (CVD), the PVD process
has a limited effect on stepwise deposition in multi-functional structures because the
atomic/molecular diffusion and growth face a complex relationship between the substrate
and the precursor. However, this effect can be avoided by the ALD method, which is
based on the surface saturation, and thus provides the possibility of more complicated
substrate structures.

Donders et al. [44] utilized a combination of CoCp2 as the cobalt precursor, LiOtBu
as the lithium precursor, and O2 plasma as the oxidant source to deposit LCO films.
The HT-LCO film is obtained after the deposition at 325 ◦C and the annealing at 700 ◦C.
Although the electrochemical test shows that the capacity is only approximately 60% of
the theoretical capacity, it provides evidence that ALD can deposit electrochemically active
LCO. It also indicates that inactive Li2O may be formed during the deposition of LCO by
ALD. Optimizing the electrochemical performance of thin films by adjusting the ratio of
Co/Li precursor is considered as an important direction of ALD deposition.

3.3. Pulsed Laser Deposition

PLD is a technique where a target is irradiated with a high-power pulse laser to
produce a flume containing atoms and molecules of the target material to be deposited
on the substrate to produce a film [60]. This produces high levels of plasma, and the
plasma and laser beam continue to function by raising the temperature and pressure along
the target surface and inducing directional isothermal adiabatic expansion. Finally, the
launched plasma in the rapid cooling adiabatic expansion forms deposition on the substrate.
It is easy to ensure the stability of stoichiometry after coating complex materials, and the
highly consistent target composition is the significant advantage of PLD.

Shiraki et al. [61] deposited the epitaxial (110) LCO films by PLD on single-crystal Au
(110) and Pt (110) substrates. The lattice constant of the c axis in the LCO film on Pt (110) is
larger than that on Au (110) substrates. The Li-ion diffusion coefficients in the LCO film on
Pt (110) is obviously higher than that in LCO (110) film on Au (110). The root cause of the
difference in Li-ion diffusion is the different lattice constant in the epitaxial LCO films.
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3.4. Pros and Cons of Each Method

LCO thin films obtained by spin coating have advantages in mass production, but at
the same time, the energy density is sacrificed, and the uniformity of thin films is difficult to
ensure. ALD can achieve the precise control of thin films in nano-scale and prepare high-tap-
density thin films. However, the selection of a precursor is harsh, and the cost is too high for
industry, so it is not suitable for mass preparation. PLD has low requirements on the target
materials and deposition environment, but the efficiency of large-area deposition is low.
Magnetron sputtering, after decades of development, has become a mature technology in
industrial production through the control of substrate temperature, sputtering atmosphere,
bias control, power control, substrate control, and other optimizations that can maximize
the film quality. The magnetron sputtering technology is still one of the most promising
methods for preparing LCO films to prevent the influence of deposition variety on the
electrochemical and physical properties.

4. Modification of LiCoO2 Cathode
4.1. Bulk Doping

When more than half of the Li-ions are removed, the crystal structure of LCO is easy
to collapse and the cycle life is greatly attenuated. Doping transition or non-transition
metals is an important way to improve the structural stability of LCO films. It is believed
that the influence of transition metal doping on LCO is concentrated on the capacity, while
non-transition metal doping mainly affects the de-lithiation potential of LCO.

Dong et al. [62] synthesized the Mn-doped LCO by a molten salt method using NaOH
to provide an alkaline environment for making the uniform reactant mixture, enhancing
the stability of the valence state of Mn ions while retaining the single-phase nature. It
is found that the electrochemical inert Mn4+ can play a supporting role upon cycling,
inhibiting the phase transition of LCO at 4.2 V, and significantly improve the structural
stability, conductivity and li-ion diffusion rate of LCO. Sun et al. [63] used the positively
charged Co(OH)2−x

x+ nanoplates and negatively charged Ti2−x/4�x/4O4
x− nanosheets by

electrostatic gravity assembly, and calcine them with LiOH to form the Ti-doped LCO. The
Ti doping enhances the stability of the structure and inhibits the phase change at the same
time. Even at a 4.5 V cut-off voltage, it exhibits a capacity of 205 mAh g−1 and a capacity
retention rate of 97% after 200 cycles. Using Mg-doped LCO, Huang et al. [64] found that
the Li-Mg mixed structure generated on the surface of Mg-pillared LCO is beneficial to
remove the overgrowth of CEI and phase transition near the surface. The Mg-pillared LCO
under 0.2C shows the high capacity of 204 mAh g−1 within 3.0–4.6 V (Figure 5a), and at
1.0C, the retention capacity is increased to 84% (Figure 5b). Ganesh et al. [65] deposited a
series of LiZrxCo1−xO2 films on the Au/Ti/SiO2/Si (100) substrates using a Zr-doped LCO
target. The cathode films show the high initial discharge capacity of 64.4 µAh cm−2 µm−1

with a capacity retention rate of 98.5% after 25 cycles. Ganesh et al. [66] deposited the
LiTiyCo1−yO2 (y = 0, 0.02, 0.05, 0.1) films on the Si substrate by magnetron sputtering. The
films exhibited preferred (003), (101), and (104) crystal orientations related to the single-
phase hexagonal R-3m space group, reducing the charge transfer resistance of Ti-doped
LCO films and inducing the high initial capacity of 65 µA h cm−2 µm−1 with a capacity
retention of 98% after 25 cycles.

4.2. Surface Coating

Electrode materials and electrolyte interface largely affect the electrochemical perfor-
mance of TFB. The CEI film is composed of inorganic and organic compounds, which not only
determine the cycling life, but also change the electrochemical behavior of cathode materials.

Fingerle et al. [67] investigated the surface chemistry of a sputtered LCO film when
contacted with ethyl carbonate (EC) by synchrotron-based soft X-ray photoelectron spec-
troscopy (SXPS). The electronic and chemical properties of the interface are determined by
the progressively adsorbed EC, demonstrating that the decomposition layer is passivated.
Li-ions extract from the electrode and dissolve into the electrolyte without forming Li-rich
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residuals, indicating that the electrolyte reduction remains limited, which may be due to the
large offset between the LCO valence band and EC energy band. Noh et al. [68] fabricated
bare and ZrO2-coated LCO thin films by DC magnetron sputtering on SS substrates. Both
the deposited films have a crystallized structure of (003) preferred crystal orientation after
annealed at 600 ◦C. The ZrO2-coated LCO thin film exhibits improved cycling stability
compared to that of the bare LCO film at a high cut-off potential of 4.5 V. Yang et al. [69]
coated a 20 nm Li1+xAlxTi2−x(PO4)3 (LATP) solid electrolyte film on the surface of LCO,
and found that LATP coating could prevent the reaction between cathode and electrolyte,
thereby reducing the dissolution of Co3+ and improving the electrochemical performance of
LCO at a high cut-off voltage of 4.5 V. Nie et al. [70] developed a simple wet-mixing method
to achieve a thin and uniform Al-doped ZnO coating on the surface of LCO particles,
which establishes a stable surface and CEI layer, inhibiting the electrolyte decomposition.
At the same time, the coating also provids good ionic conductivity for LCO to achieve
high cycling stability at a high voltage of 4.5 V. Huang et al. [71] used a dextran sulfate
lithium (DSL) binder instead of a polyvinylidene fluoride (PVDF) binder to uniformly coat
the surface of LCO particles. In particular, the combination between the sulfate group of
the DSL chain and LCO particles increases the stability of the Co-O bonds. The harmful
phase transition generated in LCO above 4.55 V is inhibited (Figure 5c) and the interfacial
resistance after cycling is also reduced (Figure 5d). The cut-off voltage of LCO electrodes
has been increased from the initial 4.2 to present 4.6 V as listed in Table 1, and its actual
discharge capacity gradually has increased from 140 to 220 mAh g−1.
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Table 1. Capacity performance of modified high-voltage LCO electrodes.

Methods Materials Voltage (V) C-Rate Cycles Capacity Retention Reference

Doping
Cu 4.4 2.0C 500 78.7% [72]
Ti 4.5 1.0C 200 97.0% [63]

Mg 4.6 1.0C 100 84.0% [64]

Coating
LATP 4.5 0.2C 50 93.2% [69]

Al-Zn-O 4.5 0.2C 650 80.0% [70]
Li-Al-F 4.6 0.1C 100 89.1% [73]

5. Conclusions and Perspective

Currently, LCO thin films are the best candidate to be cathode materials for LIB, and
especially TFB, due to their high volumetric capacity and high working voltage. Among
them, most LCO thin films are fabricated by magnetron sputtering and the experiment pa-
rameters largely affect the deposition and performance. Specifically, the heating process can
increase the crystallinity but generate internal stress, which should be properly regulated
for realizing high capacity and good durability. The substrate may induce the preferred
orientations of deposited LCO films. The sputtering power and atmosphere are the key
parameters for simultaneously tuning the morphology and crystal orientation of LCO films.
For the LCO films deposited by other techniques (spin coating, sol–gel, ALD, PLD, etc.),
the crystal structure may be further optimized when combined with a heating process, and
high-loading films for mass production could be obtained through those techniques. To
further improve the electrochemical property of powder and thin-film LCO, bulk doping
and surface coating are both effective strategies for increasing the reversible capacity and
protecting the surface. In practice, the multiple optimization strategies of doping, coat-
ing, and nano-structuring are necessary for fully utilizing state-of-the-art LCO films. In
the future, novel materials, structures, and techniques need to be developed, such as the
elimination of an annealing process for the integration with on-chip devices; the stacking
structure of thin films for achieving high energy density; or the all-in-one integration of
energy conversion and storage devices for the next-generation portable electronics.
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