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We fabricated lithium cobalt oxide (LiCoO2, LCO) electrodes in the absence and presence of TiO2 layers as

cathodes for lithium-ion batteries (LIBs) using a sputtering deposition method under an Ar atmosphere. In

particular, TiO2 coating layers on sputtered LCO electrodes were directly deposited in a layer-by-layer form

with varying TiO2 sputtering times from 60 to 120 s. These sputtered electrodes were heated at 600 �C in an

air atmosphere for 3 h. The thicknesses of TiO2 layers in TiO2-coated LCO electrodes were controlled from

�2 to �10 nm. These TiO2-coated LCO electrodes exhibited superior electrochemical performance, i.e.

high capacities (93–107 mA h g�1@0.5C), improved retention of >60% after 100 cycles, and high-rate

cycling properties (64 mA h g�1@1C after 100 cycles). Such an improved performance of TiO2-coated

LCO electrodes was found to be attributed to relieved volumetric expansion of LCO and protection of

LCO electrodes against HF generated during cycling.
1 Introduction

Li-ion batteries (LIBs) are attractive as electrochemical power
sources for portable electronic devices and electric vehicles due
to their high energy densities and long cycle life.1–5 Recently,
thin-lm technologies that can fabricate small-sized LIBs for
drones andmedical devices have been reported.6–8 In particular,
lithium cobalt oxide (LiCoO2, LCO) can be utilized as a thin-lm
type cathode due to its high theoretical energy density of
274 mA h g�1, high working voltage of �3.9 V, and excellent
electrical conductivity.9–13 Sputtering deposition, chemical
vapor deposition, and e-beam evaporation methods have been
used to fabricate LCO thin-lm electrodes.14–19 Among them,
sputtering deposition methods with high process efficiency and
excellent availability have been intensively studied.

Despite various merits of LCO, LCO cathode material has
poor stability at high temperature with structural unstability
during cycling at >4.2 V vs. Li/Li+.20–22 To overcome these
disadvantages, LCO-based electrode structures partially
exchanged with electrochemically active transition metals such
Fe, Ti, and Ni instead of Co or doped with inactive materials
such as Al and Mg have been proposed.23–26 Furthermore, LCO
electrode coated with metal oxides (Al2O3, ZrO2, and TiO2) has
gsil University, Seoul 06978, Republic of
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exhibited signicantly improved LIB performance.27–31 In
particular, metal oxide coating on LCO electrodes can signi-
cantly enhance the stability of electrodes by protecting active
materials due to HF generated by side reaction of LiPF6 + H2O
/ LiF + POF3 + 2HF.32,33 Among these oxides, TiO2 is a prom-
ising candidate for coating on LCO electrodes because of its low
cost, non-toxicity, and stability.34–36 In this study, we fabricated
TiO2-coated LCO electrodes using sputtering deposition
method for LIBs. These TiO2-coated LCO electrodes were eval-
uated and compared with LCO electrode without TiO2.
2 Experimental
Fabrication of LCO–TiO2 electrodes

LCO–TiO2 electrodes as cathodes for lithium-ion batteries
(LIBs) were fabricated using a radio-frequency (RF) magnetron
sputtering deposition method on Al foil (Hohsen Corporation)
as a substrate using LiCoO2 (99.9% LTS chemical) and TiO2

(99.9% LTS chemical) as sputtering targets. Prior to a main
sputtering, a pre-sputtering was performed for 30 min to
remove impurities on the target surface. The main sputtering
process was carried out under a working pressure of 1.1 � 10�2

torr with an Ar gas ow rate of 30 standard cubic centimeter
per min (sccm). First, LCO layers were deposited with an RF
power of 80 W for 3 h. Then, TiO2 layers were formed on the
LCO electrode layers with an RF power of 10 W for 0, 60, 90, and
120 s (denoted as LCO–TiO2(0), LCO–TiO2(60), LCO–TiO2(90),
and LCO–TiO2(120), respectively). For a homogeneous
RSC Adv., 2019, 9, 7903–7907 | 7903
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Fig. 1 XRD patterns of (a) the as-prepared and (b) heated LCO–TiO2

electrodes. Enlarged XRD patterns to see the (003) plane of LiCoO2 of
(c) the as-prepared and (d) heated LCO–TiO2 electrodes.

Fig. 2 (a) Cross-section SEM images of LCO–TiO2(0), (b) LCO–
TiO2(60), (c) LCO–TiO2(90), and (d) LCO–TiO2(120).
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deposition, a substrate was rotated with a rotating speed of
3 rpm. These as-deposited electrodes were heated at 600 �C
under an air atmosphere for 3 h. The loading amount of each
electrode was about 0.13–0.16 mg cm�2.

Structural characterization

To conrm the crystal structure of the as-formed electrodes, an
X-ray diffractometer (XRD, D2 PHASER, Bruker AXS) was oper-
ated at a working voltage of 30 kV with a Cu Ka (l¼ 0.15418 nm)
and an Ni lter. The morphology and elemental distribution of
the electrodes were characterized using a eld emission scan-
ning electron microscope (FE-SEM, GeminiSEM 300, ZEISS)
operating at 2 kV.

Electrochemical measurement

To characterize the electrochemical properties of the electrodes,
coin cells (size 2032, Hohsen corporation) were assembled
using the sputtered samples as cathodes in an Ar-lled glove
box (5 ppm, H2O and O2). Lithium foil (FMC Corporation) and
porous polyethylene lm were utilized as counter electrode and
separator, respectively. Then, 1.1 M LiPF6 (Soulbrain Co., Ltd.)
in a mixture solution of ethylene carbonate : dimethyl
carbonate (1 : 1) was used as electrolyte. Electrochemical anal-
ysis of the assembled coin cells was perfromed using a multi-
channel tester (WBCS300L, Wonatech Co.). Charge and
discharge processes were carried out at 25 �C at a galvanostatic/
potentiostatic and a galvanostatic modes, respectively, in the
potential range of 3.01–4.30 V vs. Li/Li+ for 100 cycles. High-rate
performance of each sample was characterized at varying
current densities from 0.1 to 1C. To evaluate the stability of the
electrodes at a high potential, the charge–discharge process was
performed in the potential range of 3.01–4.50 V vs. Li/Li+ at
a current density of 0.5C for 100 cycles. Cyclic voltammograms
(CVs) of the electrodes were obtained by sweeping in the
potential range of 3.01–4.30 V vs. Li/Li+ at a scan rate of 0.1 mV
s�1.

3 Results and discussion

Fig. 1(a) and (c) show the XRD patterns of the electrodes formed
on Al foils using a sputtering deposition method. Prior to
a heating process, the as-deposited electrodes exhibited amor-
phous LiCoO2 and TiO2 phases with the XRD peaks related to an
Al foil used as a substrate. To obtain high-crystalline structure
of a LiCoO2 cathode material, the electrodes were heated at
600 �C under an air atmosphere. Fig. 1(b) and (d) show the XRD
patterns of the heated electrodes (LCO–TiO2(0), LCO–TiO2(60),
LCO–TiO2(90), and LCO–TiO2(120)). The XRD peak at 2q ¼ 19�

corresponds to the (003) plane of LiCoO2 layered structure.37–39

On the other hand, no XRD peak related to TiO2 phase
appeared, demonstrating the formation of an amorphous TiO2

on the LiCoO2 crystalline structure. Fig. 2 shows SEM cross-
sectional images of the as-prepared LCO–TiO2(0), LCO–
TiO2(60), LCO–TiO2(90), and LCO–TiO2(120) electrodes. The
thicknesses of LCO–TiO2(0), LCO–TiO2(60), LCO–TiO2(90), and
LCO–TiO2(120) were 398, 402, 406, and 410 nm, respectively.
7904 | RSC Adv., 2019, 9, 7903–7907
With increasing deposition time of TiO2 from 60 to 120 s, the
lm thickness increased from 402 to 410 nm due to the addi-
tional deposition of TiO2 layer on the LCO electrode with
a thickness of 398 nm (Fig. S1†). Thus, the thicknesses of the
TiO2 layers in LCO–TiO2(60), LCO–TiO2(90), and LCO–TiO2(120)
were 4, 8, and 12 nm, respectively.

Charge/discharge characteristic curves of LCO–TiO2(0),
LCO–TiO2(60), LCO–TiO2(90), and LCO–TiO2(120) were ob-
tained in the potential range of 0–4.3 V vs. Li/Li+ with 0.5 C-rate
for 100 cycles (Fig. 3(a) and S2†). LCO–TiO2(0) exhibited an
initial capacity of 80 mA h g�1 and a rapid capacity drop aer 50
cycles. In contrast, LCO–TiO2(60), LCO–TiO2(90), and LCO–
TiO2(120) with TiO2-coating layers showed relatively high
capacities of 93, 103, and 107 mA h g�1, respectively without
serious capacity drop up to 100 cycles. The capacity retentions
of LCO–TiO2(0), LCO–TiO2(60), LCO–TiO2(90), and LCO–
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Comparison of cycling performance for the electrodes
measured at 0.5C for 100 cycles in the potential range of 3.01–4.30 V
vs. Li/Li+. (b) High-rate performance of the electrodes measured with
varying C-rates from 0.1 to 1.0 C.
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TiO2(120) were 2.5%, 26.6%, 60.2%, and 52.3%, respectively.
Fig. 3(b) shows comparison of rate cycling performance of the
electrodes measured with varying current densities from 0.1 to
1.0C. The average capacities of LCO–TiO2(0) measured at 0.1,
0.2, 0.3, 0.4, 0.5, 0.7, and 1.0C, were 80, 65, 51, 37, 21, 7, and
1 mA h g�1, respectively. To investigate recovery in capacity, the
average capacities of LCO–TiO2(0) measured at 0.1 and 0.2C
were 6 and 0.4 mA h g�1, respectively, demonstrating the
damaged electrode due to fast cycling process. The average
capacities of LCO–TiO2(60) measured at 0.1, 0.2, 0.3, 0.4, 0.5,
0.7, and 1.0C, were 75, 71, 65, 60, 53, 44, and 34 mA h g�1,
respectively. The average capacities of LCO–TiO2(90) measured
at 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 1.0C, were 95, 82, 75, 69, 64, 58,
and 51 mA h g�1, respectively. The average capacities of LCO–
TiO2(120) measured at 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 1.0C, were
78, 68, 60, 54, 48, 42, and 37 mA h g�1, respectively. Compared
to LCO–TiO2(0), the TiO2-coated LCO electrodes showed high
average capacities and improved recovery properties. Such
enhanced electrochemical performance of the LCO electrodes
containing amorphous TiO2 layers with nanometer scale
thickness may be attributed to fast ionic conductivity and low
charge transfer resistance.28,36,40

Fig. 4(a)–(d) shows cyclic voltammograms (CVs) measured
with a scan rate of 0.1 mV s�1 in the potential range of 3.0–4.3 V
for LCO–TiO2(0), LCO–TiO2(60), LCO–TiO2(90), and LCO–
Fig. 4 Cyclic volatmmograms (CVs) for the electrodes measured at
a scan rate of 0.1 mV s�1 in the potential range of 3.01–4.30 V vs. Li/Li+.

This journal is © The Royal Society of Chemistry 2019
TiO2(120), respectively. All these electrodes exhibited anodic
and cathodic peaks at 3.86 and 3.92 V, respectively, associated
with deinsertion reaction and insertion of Li+ ions, respectively,
in crystalline LiCoO2 electrodes. In general, LCO electrodes
heated at relatively low temperatures showed anodic and
cathodic peaks at 3.64 and 3.75 V, respectively. Interestingly,
another cathodic peaks corresponding to insertion of Li+ ions in
amorphous LiCoO2 electrode appeared at 3.82 V.39 Despite fairly
high heating temperature of 600 �C, slight amorphous LiCoO2

phases were found to be remained in these electrodes.
Fig. 5 shows SEM surface images of the electrodes before and

aer 100 cycles in the potential range of 0–4.3 V vs. Li/Li+ with
0.5 C. As shown in Fig. 5(a)–(d), the as-prepared LCO–TiO2(0),
LCO–TiO2(60), LCO–TiO2(90), and LCO–TiO2(120) electrodes
before cycling exhibited fairly homogeneous deposition of LCO
and TiO2. In addition, from EDXmapping images, all electrodes
showed the well-dispersion of elements related to LCO and TiO2

(Fig. S3†) and the increased TiO2 content with increasing
sputtering time of TiO2 target (Table S1†). Fig. 5(e)–(h) and S4†
show SEM surface and cross-sectional images of LCO–TiO2(0),
LCO–TiO2(60), LCO–TiO2(90), and LCO–TiO2(120), respectively,
aer 100 cycles. LCO–TiO2(0) exhibited the surface crack and
increased thickness (�4.9 mm) of the lm due to volume
expansion of LCO during the cycling. LCO–TiO2(60) with 4 nm
TiO2 layer also exhibited the surface crack and increased
thickness (�2.9 mm). On the other hand, LCO–TiO2(90) and
LCO–TiO2(120) aer 100 cycles showed signicantly less surface
damage and thickness (1.4 and 1.6 mm, respectively). The
structural stability of LCO–TiO2(90) and LCO–TiO2(120) during
cycling might be due to inhibition of volumetric expansion of
LCO having TiO2 coating layer with proper thickness.

To further investigate the effect of TiO2 layer on the LCO, as
shown in Fig. 6, the charge/discharge characteristic curves of
LCO–TiO2(0) and LCO–TiO2(90) were obtained in the potential
range of 0–4.5 V with 0.5C-rate for 100 cycles. The initial
capacities of LCO–TiO2(0) and LCO–TiO2(90) were 83 and
112 mA h g�1, respectively. However, LCO–TiO2(0) prepared
without TiO2 layer exhibited a drastic capacity drop aer 10
cycles and no capacity aer 70 cycles whereas LCO–TiO2(90)
with a TiO2 coating layer (8 nm in thickness) exhibited
a discharge capacity of 45 mA h g�1 aer 100 cycles with
a retention rate of 40.2%. The surface images of LCO–TiO2(0)
and LCO–TiO2(90) aer 100 cycles in the potential range of 0–
4.5 V were shown in Fig. S5.† LCO–TiO2(0) exhibited the serous
surface damage such as the formation of holes (Fig. S5(a)†)
whereas LCO–TiO2(90) exhibited a fairly clean surface state aer
cycling up to 4.5 V (Fig. S5(b)†). The surface states of LCO–
TiO2(90) before and aer cycling were characterized using XPS
analysis (Fig. S6†). In the Ti2p spectra, the characteristic peaks
corresponding to TiO2 were observed before and aer cycling.
Furthermore, the Li1s spectra contained the characteristic
peaks at 24.1 and 54.4 eV before cycling with an additional peak
at 55.2 eV associated with LiF aer cycling. In the O1s spectra,
the peaks at 529.6 eV corresponding to LiCoO2 lattice were
maintained during cycling with additional peaks at 531–534 eV
related to LiO2 and Li2CO3. In general, the formation reaction of
HF (LiPF6 + H2O / LiF + POF3 + 2HF) during charge/discharge
RSC Adv., 2019, 9, 7903–7907 | 7905
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Fig. 5 SEM images of (a) and (e) LCO–TiO2(0), (b) and (f) LCO–TiO2(60), (c) and (g) LCO–TiO2(90), and (d) and (h) LCO–TiO2(120) before and
after 100 cycles at a current density of 0.5C.

Fig. 6 Comparison of cycling performance for LCO–TiO2(0) and
LCO–TiO2(90) measured at 0.5C for 100 cycles in the potential range
of 3.01–4.50 V vs. Li/Li+.
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process can occur at a high electrode potential of >4.4 V.29 The
formed HF can lead to the deteriorated electrochemical
performance of electrodes due to the damage of electrochemi-
cally active materials by HF.41,42 However, the TiO2 coating layer
in LCO–TiO2(90) can protect the LCO cathode from attacking by
HF during the cycling, exhibiting improved electrochemical
performance.
4 Conclusions

In summary, LCO electrodes in the absence and presence of
TiO2 layers as cathodes for LIBs were fabricated using sputter-
ing deposition method. TiO2 coating layers on the LCO elec-
trodes were formed with varying TiO2 sputtering time.
Compared to LCO–TiO2(0) prepared without TiO2 coating layer,
the TiO2-coated LCO electrodes with proper layer thicknesses
7906 | RSC Adv., 2019, 9, 7903–7907
exhibited enhanced electrochemical performance, i.e. high
capacity, improved retention, and high-rate cycling properties.
The superior performance of the TiO2-coated LCO electrodes
was found to be attributed to the reduced volumetric expansion
of LCO having TiO2 coating layer with a proper thickness and
the protection of the LCO electrodes against HF generated
during cycling. Consequently, such TiO2-coated LCO electrode
can be used as a cathode candidate for high-performance thin-
lm LIBs.
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