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Coated LiCoO2 Thin-Film Electrodes using Scanning 
Electrochemical Cell Microscopy 

Hirotaka Inomata,a Yasufumi Takahashi,*b, c Daiko Takamatsu,d Akichika Kumatani,a,e Hiroki Ida, a 

Hitoshi Shiku,f Tomokazu Matsue,*a, e 

Cathode surface coating with metal-oxide thin layers has been 
intensively studied to improve the cycle durability of lithium-ion 
batteries. The comprehensive understanding of the metal-oxide 
morphology and the local electrochemical properties is essential 
for figuring out the metal-oxide coating effect. In this study, 
scanning electrochemical cell microscopy (SECCM) is used to 
analyze the surface morphology with high spatial resolution, 
together with the local electrochemical properties. 

Lithium-ion batteries (LIBs) are employed in various 
applications including power sources for mobile devices and 
electric vehicles.1 To extend their application range, it is 
necessary to improve their energy density, rate performance, 
cycle durability and safety. It is recognized that the cycle 
durability of LIBs depends on side reactions occurring at the 
electrode/electrolyte interface.2 The significance of deterioration 
at the positive-electrode/electrolyte interface was demonstrated 
in recent years.3-5 To improve the durability of LIBs, cathode 
surface coating with metal oxide, e.g. Al2O3, MgO, and ZrO2, has 
been studied and validated.6-9 Various mechanisms for this 
durability improvement have been suggested, including 1) 
suppressing volume expansion and contraction of the active 
materials,10 2) inhibiting a side reaction at the interface by surface 
area reduction11 and 3) forming a Li-ion conductive surface 
layer.12 However, the intrinsic mechanism of the metal-oxide 
coating effect remains unclear. 

To understand the metal oxide coating effect on battery 
performance, the following two techniques are required: 1) 
constructing a flat thin-film electrode surface to realize a well-
defined interface and 2) analyzing the electrode/electrolyte 
interface reaction with nanoscale resolution. We previously 
studied flat LiCoO2 thin-film electrodes using in situ surface-
sensitive X-ray absorption spectroscopy (XAS) and reported that 
Co reduction at the LiCoO2 surface resulting from electrolyte 

contact caused the initial degradation.13, 14 We also showed that 
the ZrO2 layer successfully prevented physical contact between 
LiCoO2 and the electrolyte. And it confirmed that a thicker ZrO2 
layer (above 2 nm) increased the diffusion resistance of the 
lithium ions in the ZrO2 layer.15 However, since XAS lacks in-plane 
resolution and provides only averaged information, it is 
impossible to analyze the ZrO2 morphology in detail. Recently, 
Taguchi et al. investigated a thin Li-Zr-layer (ca. 2 nm) on a LiCoO2 
composite electrode by transmission electron microscopy (TEM).  
They suggested  that this thin layer could improve the 
durability.16 However, it is difficult to analyze the electrochemical 
properties using TEM. To evaluate the intrinsic mechanism of the 
metal oxide coating effect, it is necessary to develop a novel in-situ 
method that can analyze the surface morphology with high spatial 
resolution and simultaneously determine the local 
electrochemical properties. 

Scanning electrochemical microscopy (SECM) is a powerful 
technique for linking the surface morphology of a sample to its 
electrochemical properties.17-20 For the battery materials, the 
SECM feedback mode is effective in monitoring solid electrolyte 
interphase formation.21-24 To directly and quantitatively 
investigate spatially resolved ionic processes, mercury-capped 
platinum ultramicroelectrodes were developed and employed for 
Li+ imaging based on Li stripping.25 However, it is difficult to 
visualize the Li+ flux in battery materials at the sub-micrometer 
scale by SECM. Scanning electrochemical cell microscopy 
(SECCM), which uses a nanopipette as a probe and forms a local 
electrochemical cell, is effective in characterizing surface 
reactivity.26-29 We recently applied SECCM for visualization of 
electrochemical activities on a lithium-ion battery cathode 
material at sub-micrometer resolution.30 The SECCM was applied 
to collect or provide Li in specified area confined by the 
nanopipette. Further, it collection visualized the electrochemical 
properties by scanning the nanopipette as an image. There are 
some strong advantages in SECCM for battery material research 
such as its high spatial resolution, small capacitive current, and 
isolated electrochemical cell. 

In this report, we applied SECCM to characterize a ZrO2-coated 
LiCoO2 thin-film electrode prepared by pulsed laser deposition. 
Local cyclic voltammetry (CV) and galvanostatic 
charge/discharge were performed to characterize the cycle 
durability and rate performance of ZrO2-coated LiCoO2 thin-film 
electrodes and to reveal the relationship between the ZrO2 
morphology and thickness. 

Figure 1(a) and (b) show typical cross-sectional STEM images 
and EDX elemental maps for the LiCoO2 films coated by ZrO2 for 
30 s (Figure 1(a)) and 180 s (Figure 1(b)). The Zr signal was 
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distributed at the top of the LiCoO2 films in both cases, although 
the Zr intensity for the film coated for 180 s was larger than for 
that coated for 30 s. To estimate the thicknesses of the ZrO2 layers 
coated for 30 and 180 s, EDX line profiles of Zr, Co, and O signals 
were evaluated for four areas for each sample. Corresponding 
EDX line profiles (Zr, Co, and O) at the lines shown in the STEM 
images are displayed at the bottom of Figure 1. The thickness of 
the ZrO2 layer coated for 30 s was inhomogeneous; that is, a 2 nm 
thin area (line A-B) coexisted with a 5 nm thick area (not shown). 
Conversely, the ZrO2 layer coated for 180 s was homogeneous 
with a thickness of 5 nm (line C-D). These results indicated that 
the morphology of the ZrO2-coated layer varied with the 
preparation period. 

 

Figure 1. Cross-sectional STEM images; Zr EDX maps (Intensity 

of Zr-K edge EDX signal) of LiCoO2 thin films ZrO2-coated for (a) 

30 s and (b) 180 s. Corresponding EDX (Zr-K, Co-K and O-K 

edge) line profiles at lines A-B and C-D are displayed at the 

bottom. 

To reveal the relationship between the morphology of the ZrO2-
coated layer and charge/discharge property, a Li+ deintercalation 
current was imaged on LiCoO2 electrodes that were uncoated, or 
coated by ZrO2 for 30 and 180 s, using SECCM. In this experiment, 
the applied voltage was 0.93 V vs. Ag/AgCl to detect Li+ 
deintercalation currents, which were binarized with a threshold 
value of 120 pA. The SECCM current images are shown in Figure 
2, together with their histograms. The LiCoO2 electrodes that 
were uncoated and coated by ZrO2 for 180 s showed relatively 
homogeneous high and low current responses, respectively. 
(Figure 2a, c). Conversely, island-like inhomogeneous current 
responses are observed for the LiCoO2 electrode coated by ZrO2 
for 30 s (Figure 2b). 

 

Figure 2. SECCM current and binarization images and histograms 

for (a) LiCoO2 thin-film electrode, and LiCoO2 thin-film 

electrodes coated by ZrO2 for (b) 30 s and (c) 180 s. Threshold 

current was set to 120 pA. Scan sizes were 5 × 5 m2. 

The island-like inhomogeneous current response indicates a 

surface reactivity difference. In the past paper, we imaged a 

LiCoO2 electrode surface coated by ZrO2 for 30 s using AFM and 

visualized similar island-like structure.15 Also, the STEM images 

support the SECCM data as an inhomogeneous ZrO2 thickness 

(Figure 1a). These results suggest that a 2–5 nm thick metal oxide 

layer is critical for surface reactivity. To characterize the 

reactivity difference, we performed local CV at different current 

response points of the SECCM current image for the LiCoO2 

electrode coated by ZrO2 for 30 s (Figure 3a). We navigated the 

nanopipette to a selected point in the SECCM image using the self-

designed XY position control program. Figure 3c1 and c2 show 

localized CV measurements at locations corresponding to the high 

(blue arrow) and low current (red arrow) points in Figure 3a. The 

CVs at high (left) and low current (right) points resemble those 

obtained at the randomly selected measurement area on the 

LiCoO2 electrode coated by ZrO2 for 30 s (Figure S1c). We also 

recorded CVs on LiCoO2 electrodes that were uncoated and coated 

by ZrO2 for 180 s.  From the CV data obtained, it was observed 

increasing peak separation with ZrO2-coating (Figure S1a, b). 

These results indicate that the current response difference is due 

to the ZrO2 thickness. 

SECCM is also able to visualize the local galvanostatic 
charge/discharge property. Localized discharge (−20.0 pA for 
600 ms, total charge 3 fC) was conducted on a localized area of the 
LiCoO2 electrode coated by ZrO2 for 30 s by SECCM, and the 
potential change during the discharge was monitored at each 
measurement point (10 ms time resolution, supporting movie 1) 
to visualize the potential change in the whole scanning area. The 
scanning size and pixels were set at 4 × 4 μm2 and 128 × 128, 
respectively. The 20 pA discharging corresponds to a rate of 10 C, 
calculated from the CV results. When the nanopipette was just in 
contact with the surface (0 ms), the potential image appeared 
homogeneous. However, the potential image observed after 600 
ms appeared inhomogeneous (Figure 3b), which was consistent 
with the inhomogeneous current response shown in Figure 3a. 
Figure 3d shows potential-time curves for the thin and thick ZrO2-
coated regions. The potential is stable for the thin ZrO2-coated 
region, while it is unstable and continues to decrease for the thick 
ZrO2-coated region because of the IR-drop due to the ZrO2 
thickness. This result indicates that the thick ZrO2-coated region 
degrades the rate performance. 
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Figure 3. SECCM (a) current and (b) potential images with LiCoO2 

thin-film electrodes coated byZrO2 for 30 s. Scan sizes were 4 × 4 

m2. The discharge current was 20 pA, and the potential change 

was monitored for 600 ms. (c) Local CVs and (d) discharge 

properties at blue and red points of Figure 3(a). 

The local cycle durability was investigated by positioning the 
nanopipette at low and high current response areas of the SECCM 
image based on deintercalation currents at the LiCoO2 electrode 
coated by ZrO2 for 30 s (Figure 4). CVs were continuously 
recorded for 15 cycles at 100 mV/s to monitor the deterioration 
process. The CVs show slight changes in the 
deintercalation/intercalation currents during the continuous 
cycle (Figure 4b). Figure 4c shows plots of the normalized current 
response for the reduction peak (intercalation) using the peak 
current at the second intercalation as a reference. The charge 
capacity at the thin (blue) and thick (red) ZrO2-coated areas after 
15 cycles remained at 57% and 80%, respectively. This result 
indicates that ZrO2-coating is effective in improving the cycle 
durability of LIBs. The local cycle durability can be rapidly 
determined using SECCM, as this technique allows CV 
measurements with high scan rates due to the minimal capacitive 
current derived from the small electrochemical cell size. 

 

Figure 4. (a) SECCM current image of LiCoO2 thin-film electrode 

coated by ZrO2 for 30 s. The scan size was 2 × 2 m2. (b) Local CVs 

and (c) cycle stability characterization using SECCM at the positions 

of the blue and red arrows in the SECCM image. The scan rate was 

100 mV/s. 

The above findings confirm that SECCM is effective for 
characterizing inhomogeneous current distributions at the sub-
micrometer scale and for visualizing the ZrO2 morphology and 
electrochemical properties at the surface. SECCM is also useful for 
evaluating the local cycle durability, which is normally buried 
within the averaged information. The information obtained from 
SECCM measurements will be used to optimize the balance 
between cycle stability and rate characteristics by applying a 
nanoscale coating of metal oxide to the cathode materials of Li-
ion batteries. 

SECCM is effective in visualizing the morphology and 
electrochemical properties of ZrO2-coated LiCoO2 at sub-
micrometer resolution. SECCM current imaging visualized an 
inhomogeneous island-like response distribution for the 
LiCoO2 coated by ZrO2 for 30 s. The low and high current 
response regions correspond to areas with thin and thick 
ZrO2-coating, respectively. Localized CV demonstrated that 
ZrO2-coating improved the cycle durability at the expense of 
the reaction rate. Charge/discharge imaging revealed the 
rate performance inhomogeneity. The present system can be 
applied widely to nanometer scale characterization of other 
battery materials. 
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