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INTRODUCTION

A secondary battery refers to a device that can repeatedly 
store electric energy into a form of chemical energy and use 
it (Palacin, 2009). Among a variety of secondary batteries, 
lithium-ion batteries have a wide range of applications, 
including being used in cellphones, laptops, and other 
portable electronic devices as well as hybrid cars, energy 
storage systems, and other medium-to-large systems 
(Goodenough & Park, 2013). The development of lithium-
ion secondary batteries mainly focuses on the improvement 
of anode and cathode materials and exploring new materials, 
which determine the battery’s performance (Chen, 2013; 
Koksbang et al., 1996; Wang et al., 2015; Zhang et al., 2015; 
Zou et al., 2015). Further, understanding the reaction and 
degradation mechanism of the anode and cathode materials 
is critical in material development, toward which various 
analysis technologies need to be introduced (Liu et al., 

2014; Vanimisetti & Ramakrishnan, 2012). Among the key 
technologies in the secondary battery material analysis, 
it is expected that there will be many applications of the 
microstructural analysis technology of materials using an 
electronic microscope, together with the research on active 
materials using an X-ray synchrotron. In recent years, in situ 
techniques are used to analyze the electronic and structural 
changes during the charge–discharge or heating process (Chen 
et al., 2011; Chung et al., 2007; Nam et al., 2013; Yoon et al., 
2007, 2014). 
Scanning electron microscope (SEM) can be used for 
identifying cracks caused by the degradation characteristics 
of the materials during the charge–discharge process or 
analyzing the structural change due to the volume expansion 
of electrodes (Ebner et al., 2013; Liu et al., 2014). SEM is the 
easiest analysis method to observe the failed section; however, 
it is difficult to analyze and quantify the size of particles 
or pores because the observed section is not even (Zhang 
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et al., 2000). Moreover, the sample preparation is required 
to smooth out the uneven section during the chemical 
composition analysis using the energy-dispersive spectrum 
or an electron probe micro-analyzer. There are, however, a 
number of limitations in preparing for bulk specimens of 
lithium-ion secondary batteries for image analysis. As most 
anode and cathode materials are susceptible to moisture and 
have a porous structure, mechanical polishing cannot be used 
as the large-area cross-section sampling preparation method. 
Instead, ion-milling method using a cross-section polisher 
(CP) and a focused ion beam (FIB) can be used (Ebner et al., 
2013; Indrikova et al., 2015; Liu et al., 2016; Otoyama et al., 
2016).
FIB is often useful in observing specific areas by finely 
controlling the Ga+ ion source. However, it has limitations 
in that the device operation is complex and expensive. On 
the contrary, CP, which uses Ar+ gas as its ion source, sets the 
milling location using an optical microscope. While it cannot 
perform milling on a specific area, its large beam size allows 
for large-area milling. Therefore, it is extremely important 
to select a cross-section sampling method that meets the 
aims of the analysis of secondary batteries used (Deng et al., 
2017; Indrikova et al., 2015; Kawaguchi et al., 2017; Kim et al., 
2008; Otoyama et al., 2016). This study explained a sampling 
method for cross-section imaging analysis based on the 
research objectives by conducting a comparative analysis of 
the sample analysis results using CP and FIB, which are two 
most widely used cross-section sampling methods for SEM 
imaging analysis. Furthermore, it introduced the large-area 
cross-section milling technique using Precision Ion Polisher 
System (PIPS), which is commonly used in the final milling 
stage of the TEM specimen production, as an alternative to 
the CP.

MATERIALS AND METHODS

Fabrication of Electrode
The typical cathode materials were used to compare cross-sec-
tion images. The Li(Ni1/3Co1/3Mn1/3)O2 or LiFePO4 electrodes 
were prepared by mixing of active materials, conducting 
agent, and binder. Detailed procedures for the fabrication of 
electrodes were as described previously (Chang et al., 2006; 
Kang et al., 2014). The ultimately obtained slurry was casted 
onto Al foil. The commercial Li-ion coin cell (PD 2032, Korea 
Powercell) were also used. The anode in coincell was used to 
compare ion-milled region and fractured region. The cathode 
in coincell was used to compare the secondary electron image 
and backscattered electron image. 

Cross-Section Milling
First, the study performed cross-section milling of electrodes 
using a CP (E-3500; Hitachi Inc., Japan), which is widely used 

for large-area milling. The cross-section of an electrode was 
cut to 1×1 cm2 or less and was fixed with carbon tape so that 
approximately 1~2 mm of the sample extended out from the 
stub. The tungsten mask was attached to the specimen stage 
unit, and the sample stub was fixed such that the surface to 
which the specimen was attached faced the mask. Using the 
optical microscope, the milling position of the specimen was 
adjusted to the incident beam height. Milling was performed 
for 8 h under the following conditions: acceleration voltage of 
6 keV; discharge voltage of 4 keV; and Ar gas flow of 1.5 cm2/
min. For comparison, ion milling was performed using dual-
beam FIB (Helios NanoLab600; FEI Co., USA). By tilting the 
specimen in the direction perpendicular to the ion beam, a 
Pt protection layer was deposited onto the surface of region 
of interest. The incident ion beam had an accelerating voltage 
of 30 kV and a current of 2.8 nA. As an alternative method to 
CP, the study used PIPS (691; Gatan Inc., USA), and a home-
made mount was used for mounting bulk specimens. A 
detailed explanation will be given in Large Area Cross-Section 
Milling by PIPS in Results and Discussion.

Microstructure Characterization
After cross-sectional milling, cross-sectional high-resolution 
images of large area of the specimen were acquired using a 
scanning electron microscope(TENEO VSTM SEM; FEI Co.) 
with MAPS 2.1 software (FEI Co.), an automated image 
acquisition and stitching software. The MAPS allows the 
automatic acquisition and reconstruction of several high-
resolution images based on the predetermined configurations. 
The images were acquired at a magnification of over 10,000 
times, with an acceleration voltage of 2 keV, beam current of 
12.5 pA, and dwell time at 3 μs. The number of tiles was set to 
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Fig. 1. (A) Cross-sectional SEM images of anode in commercial coin cell 
consisting of graphite and Cu foil. Upper graphite layer is ion milled, 
but Cu foil and lower graphite layer is not milled yet. Magnified images 
obtained from (B) fractured region and (C) ion-milled region compare 
the surface roughness.
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X×Y=10×4; for accurate stitching, the overlap area of X and 
Y was set to 10%. All the acquired images were auto-aligned 
later to produce one high-resolution image.

RESULTS AND DISCUSSION

Necessities of Ion Milling Sample Preparation Method
The importance of performing ion milling without using 
a knife to fracture the sample when observing lithium-ion 
secondary battery materials is shown in Fig. 1. Fig. 1A shows 
the large-area microstructure of an anode material with 
graphite layers at both ends of the Cu foil; the upper part 
was ion-milled with CP while the lower part was remained 
as cutting plane with a knife. The magnified images of the 

fractured area and ion-milled area are compared in Fig. 1B 
and C, respectively. While the sample preparation is very 
simple and easy for the fracture method using a knife, it can 
damage the interior of the specimen; furthermore, due to the 
rough surface and micro-crack caused by cutting the section, 
the pore size is distorted. On the contrary, the cross-section 
image of the electrode with CP is relatively smoother and 
does not show any cracks, allowing for detailed analysis of the 
pore size. As a result, the pore size in (Fig. 1B) appears to be 
bigger than that in (Fig. 1C). Therefore, sample preparation 
using ion milling is required for accurate analysis of the 
microstructure of the material. 

Pros and Cons of FIB Milling
Besides CP, FIB is also used for the SEM cross-section analysis 
of secondary battery materials. The biggest difference between 
the two sample preparation techniques is the size of the 
area that can be analyzed. Fig. 2A and C show the secondary 
electron images of the specimens with cross-section milling 
using CP and FIB, respectively. When milling is done for the 
same duration, the cross-section analysis using FIB allows 
only for areas in several tens of μm scale whereas CP can allow 
for the analysis of areas as large as several mm. Therefore, 
if the target area is large, CP is more proper than FIB. FIB 
has limitations not only in terms of the width of the cross-
sectional sampling area but also in terms of the milling depth. 
In the case of electrodes whose thickness is within several 
micrometers, the sampling using FIB offers only a restricted 
range of depth that displays uniform milling, and only the 
near-surface part of electrodes can be analyzed. Consequently, 
the results cannot represent the entire electrode material. 
Second, the two techniques are different in the degree of 
curtain effect, which appears with the milling of porous 
materials. Fig. 2B and 2D compare high-magnification SE 
images prepared with CP and FIB, respectively. Fig. 2D does 
not clearly show the shape and size of the particles due to the 
curtain effect. To minimize the curtain effect, the acceleration 
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Fig. 2. Cross-section Li(Ni1/3Co1/3Mn1/3)O2 samples are prepared by CP in 
(A, B) and FIB in (C, D). Low magnification SEM images in (A) and (C) 
show the available regions in CP and FIB. Magnified images in (B) and (D) 
show that milling artefact in porous materials, so called curtain effect, is 
less in sample prepared with CP.
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Fig. 3. (A) Modified PIPS mount for cross-section milling of bulk sample; (B) and (C) procedure of sample loading with Si mask on the mount. 
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voltage or the change in the milling angle can be controlled; 
however, due to the characteristics of FIB milling, it is difficult 
to remove curtain effect completely. On the contrary, the 
SE image with CP does not show much curtain effect, and 
thus the boundary, size, and shape of particles can be clearly 
observed. Therefore, considering the limitations of large-area 
analysis, curtain effect, and high cost, FIB is considered more 
suitable for selective local area analysis rather than general 
cross-section analysis of secondary batteries. 

Large-Area Cross-Section Milling by PIPS
As discussed above, CP is considered more useful in large-area 
cross-section analysis. However, not many research groups 
are equipped with CP devices. However, Ar milling system of 
PIPS, which is used for preparing TEM samples, are relatively 
common; therefore, this study developed a large-area milling 
method using PIPS (Houben et al., 2016a, 2016b). It is one 
of the systems that ultimately create thin, wedge-type TEM 
samples by milling polished samples with Ar ion beam. 
Generally, thin specimens that were mechanically polished 
below 50 μm are mounted on the duopost, and the ion 
beam is applied to the specimen from below and above it for 
milling. However, battery materials for cross-section analysis 
are bulk samples whose size ranges up to several millimeters, 
thereby requiring a special mount to load the specimens on 
PIPS. A mount shown in Fig. 3A was attached to that of the 
mount, adjusting the sample height to the top of the mount. 
To prevent the ion beam from making direct contact with the 
specimen, a Si wafer mask was attached to the front of the 
specimen, as shown in Fig. 3C. After the mount was loaded on 
the stage, two ion guns were set to the direction of the top of 

the specimen, and the stage was set to the single-beam mode. 
The acceleration voltage for the Ar ion beam was set to 4.0 
keV, and its angle was maintained at 3°. 
Fig. 4 shows the comparison of the angle between the 
specimen and the incident ion beam for CP and PIPS. In the 
case of CP, the gun-mask-sample is vertically aligned, and 
the milling range can be controlled by swinging or shifting 
the stage. On the contrary, in the case of PIPS, two Ar guns 
are horizontally set at an angle of 120° and the section of the 
specimen is mounted in-plane. The angle of the gun applied 
to the specimen can be controlled between 0°±10°. In the 
single-beam mode among the three stage modes, the stage 
rotates as shown in the inset of Fig. 4B, and the ion beam is 
turned on only at a specific area (milling only one sector of 
the sample) where the gun-mask-sample is aligned. Fig. 5 
shows the resulting SEM image of the cross-section milled 
electrode material. It can be determined that a relatively 
large are of cross-section milling up to approximately 1.61 
mm was performed. Fig. 5B and C are the medium- and 
high-magnification SEM images in the region of interest, 
and although the milled surface is smooth and is a porous 
material, no curtain effect was observed. PIPS is advantageous 
in reducing the curtain effect because the specimen is rotated 
and there is a small angle between the specimen and the 
ion beam. As a result, the pore inside the active material or 
the size of the active material particles could be accurately 
observed. Furthermore, the thickness of the electrode section 
could be accurately analyzed. Therefore, the use of PIPS as an 
alternative to CP or FIB, which have been used widely for the 
cross-section sampling of the electrode material of lithium-
ion secondary batteries, is expected to offer a sound sample 
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Fig. 4. Schematics of (A) CP and (B) PIPS 
for cross-section milling of bulk sample 
showing the alignment of ion gun-mask-
sample-stub. The inset box in (B) shows 
milling direction and area in single beam 
mode of PIPS.
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preparation method without surface roughness artifacts in a 
sufficiently large area with relative low costs and less effort in 
the optimization of equipment operation conditions.

SEM Imaging Tips for Battery Materials
While the use of CP would result in a relatively weaker 
curtain effect, it is difficult to completely prevent the effect 
caused by pores when cross-section milling materials with 
a porous structure (Fig. 2). As backscattered electron (BSE) 
images are less sensitive to surface roughness, it can avoid the 
distortion of the microstructure analysis due to the curtain 
effect resulting from CP process. Additionally, to determine 
the microstructure of electrodes with heterogeneous materials 
(metal oxide and carbon), it is recommended to use the BSE 
mode that can maximize contrast. Electrodes are composed 
of three materials: active materials, conductive materials, 
and binder. The distribution of three components–active 
materials such as LiCoO2, LiFePO4, conducting agents like 
carbon, and binder–are key factors in the electrical and 
chemical properties such as long cycle life and high-efficiency 
properties of secondary batteries (Dominko et al., 2003; 
Feng et al., 2007; Guy et al., 2004; Xiao et al., 2012). As the 
contrast in the BSE image analysis is determined by the 
atomic number of the materials that comprise the sample, the 
BSE image analysis is suitable for clearly distinguishing the 
distribution of conducting agent comprising light elements 
and active materials that include relatively heavier elements 
within the electrode (Park et al., 2004; Zhang et al., 2006). Fig. 
6B shows the BSE image acquired from the identical specimen 
in Fig. 6A. It demonstrates that particles of active material 

having a bright contrast are uniformly distributed without 
agglomeration. Furthermore, the image of the interface 
between the particles of active material and conducting agent 
is clearly acquired, through which the shape and size of the 
particles can be accurately determined. Therefore, even when 
a researcher uses the identical cross-section SEM analyses, 
it is important to select an appropriate SEM image mode 
depending on the goal of the particular research. 
Fig. 6 shows the results of the reconstruction of the 40 high-
resolution images in the milling area after the cross-section 
sampling of the area over 1 mm, using MAPS 2.1 software. 
MAPS allows for creating large-area high-resolution images 
by the automated acquisition and reconstruction of tens of 
high-resolution SEM images by tiling and stitching. Such 
analysis results demonstrate that the proposed method 
enables analysis of large-area images of the electrodes and 
produces highly representative and reliable analysis results. 
Furthermore, as the technique allows for microstructural 
analysis of specific areas, it is highly useful to determine what 
types of change occur in which area of the sample when 
comparing the changes in the electrode structure before and 
after the charge–discharge process.

CONCLUSIONS

In this study, sample preparation methods to observe the 
cross-section view of the electrode of battery in SEM are 
reviewed. It is important to make flat and smooth surface to 
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Fig. 5. (A) Low magnification SEM image of LiFePO4 shows milling area 
by PIPS. The milled region is large upto 1.6 mm in diameter. (B) and (C) 
are magnified image in the box area in (A), which shows flat and smooth 
surface, visualizing the interface and particle size successfully.
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Fig. 6. Cross-sectional images of cathode in commercial coin cell in (A) 
secondary electron mode and (B) back scattered electron mode.
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evaluate the intrinsic microstructure including size and shape 
of the particles, microcracks, solid electrolyte interphase (SEI) 
layer, and distribution of the particles/binder/pores. Specific 
region can be observed after cross-section milling using 
FIB. CP makes the sample flat in large area and the curtain 
effect which is difficult to avoid in FIB can be minimized by 
swinging the sample stage. Here, we developed alternative ion 
milling methods using PIPS, which provides similar output 
with CP. Millimeter scale milling was available and no curtain 
effect was observed due to sample rotation and a small angle 
between the sample and the incident beam even in a porous 
materials. It is expected that this simple approach to modify 
the PIPS mount will let many researchers who are available to 
access to the PIPS also prepare decent large-area cross-section 
view samples. 
Additionally, two SEM imaging tips for electrodes are 
mentioned. BSE imaging is useful since that gives chemical 
composition sensitive contrast distinguishing the oxide 

particle and binder even in samples with rough surface, which 
can be induced by fracture method or ion milling in porous 
battery electrode materials. Tiling and stitching method let 
us analyze the microstructure generally and specifically at 
one time, which could be useful evaluate the microstructural 
evolution upon charge cycling. 
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