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Abstract: In this study, lithium reaction distributions, dependent on charge-discharge rate, were 
nondestructively visualized for a commercial lithium-ion battery, using the Compton scattering 
imaging technique. By comparing lithium reaction distributions obtained from two different 
charge-discharge speeds, residual lithium ions were detected at the center of the negative electrode 
on a fully discharged state, by relatively high-speed discharge rate. Moreover, we confirmed that 
inhomogeneous reactions were facilitated on a relatively high-speed charge-discharge rate, in both 
the negative and positive electrodes. A feature of our technique is that it can be applied to 
commercially used lithium-ion batteries, because it uses high-energy X-rays with a high 
penetration power. Our technique thus opens a novel analyzing pathway for developing advanced 
batteries. 
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1. Introduction31 

Although lithium-ion rechargeable batteries are widely used in our lives, their demand is 32 
rapidly increasing, since the development of electric vehicles is attracting much attention all over the 33 
world. To further expand the use of electric vehicle, not only high capacities, but also high safety and 34 
long lifetimes are required for the batteries. Moreover, people expect fast-charging batteries at a 35 
similar refueling speed as in the gasoline car. However, in a previous neutron diffraction study, it 36 
was reported that inhomogeneous reactions occur in the graphite negative electrode at a high-speed 37 
charge-discharge rate [1]. These inhomogeneous reactions are related to the degradation of the 38 
battery performance; furthermore, they carry some great risks. Therefore, it is important to monitor 39 
lithium reactions directly in the batteries on in-situ or in-operando conditions. Although the neutron 40 
diffraction technique being a powerful tool for in-operando measurement, it reveals the reaction 41 
mechanism through the change of the lattice parameter in the electrode materials. 42 

Recently, we have been developing a method for directly monitoring lithium ions using 43 
high-energy X-ray Compton scattering technique, called Compton scattering imaging [2-4]. This 44 
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technique enables us to measure the reactions in the batteries under in-situ and in-operando 45 
conditions because it uses high-energy X-rays as an incident beam, which has high-penetration 46 
power in the materials [5]. Moreover, a line-shape of Compton scattered energy spectrum, called 47 
Compton profile, is obtained from this incoherent scattering technique and depends on the element. 48 
Here, the Compton profile, J(pz), is shown in the following equation [6], 49 

 , (1)

where (p) is the electron momentum density, p = (px, py, pz) is the momentum, and pz is assumed to 50 
lie along the direction of the scattering vector. The (p) is expressed by the following [7,8], 51 

 p( ) =
j
ån

j òY j
r( )exp -ip ×r( )dr

2

 , (2)

where Yj(r) is the wavefunction of an electron in the j-state and nj is the electron occupation. The 52 
index j covers all constituent atoms and orbitals. Since the Compton profile is directly linked to the 53 
wavefunction of the electrons, its line-shape of varies depending on each element. So far, we have 54 
demonstrated a method to quantify the lithium concentration from the change of the line-shape of 55 
the Compton profile (Shape parameter analysis; S-parameter) [3] and have successfully determined 56 
simultaneously lithium compositions at the positive and negative electrodes during a 57 
charge-discharge cycle [4]. Along with others, we have studied the mechanism of electrode reactions 58 
in positive electrode materials, LixMn2O4, LixCoO2, and LixFePO4, using Compton profiles [9-11]. 59 

In this study, we visualize lithium reaction distributions on two different charge-discharge 60 
speed by applying Compton scattering imaging to commercial lithium-ion coin cell of VL2020 and 61 
discuss the change of the reactions depending on the charge-discharge speed. 62 

2. Experimental study63 

The Compton scattering experiment was performed with a 08 W high-energy X-ray beamline of 64 
SPring-8, Japan. The experimental configuration was the same as our previous in-operando 65 
measurement of lithium concentration [4]. The incident X-ray energy was 115.56 keV, and the 66 
scattering angle was fixed at 90°. Compton-scattered energy spectrum was measured by nine 67 
segments of pure Ge solid-state detector. The proving volume of a sample was limited by an incident 68 
slit and a collimator slit, which was arranged between the sample and detector. The size of the 69 
incident and collimator slits were 25 m in height, 500 m in width, and 500 m in diameter, 70 
respectively. Hence, the observing region was 25 m in height, 500 m in width, and 500 m in 71 
depth. A sample was set on a movable stage along the x, y and z directions. The sample was a 72 
commercial coin-type lithium-ion rechargeable battery VL2020, made by Panasonic Corporation. 73 
This battery had a diameter of 20 mm and a 2 mm thickness; it was composed of V2O5 positive 74 
electrode (800 m in thickness), LiAl alloy negative electrode (300 m in thickness), olefin-based 75 
nonwoven fabric separator, Al wire-netting spacer, and dimethoxyethane electrolyte. The state of 76 
charge (SOC) of the batteries was controlled by two charge-discharge rates, 1C and 0.2C. Here, 1C 77 
and 0.2C denote that the time between a fully discharged state and a fully charged state is 1 h and 5 h, 78 
respectively. The Compton scattering energy spectrum was measured by changing the vertical and 79 
horizontal positions of the sample with respect to the incident X-rays mapping the lithium reaction 80 
distribution. 81 

The obtained Compton scattered energy spectra were transformed to S-parameters. The 82 
S-parameter digitalizes the line-shape of a Compton scattered energy spectrum. As mentioned83 
above, the line-shape of the Compton scattered energy spectrum changes through the elements, 84 
because the Compton profile reflects the electron momentum density distributions. The S-parameter 85 
is directly linked to lithium concentration in the positive and negative electrodes. Here, the lithium 86 
momentum density is distributed at low momentum regions; thus, the high S-parameter value 87 
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corresponds to a high lithium concentration [12]. The S-parameter is defined through the following 88 
equations [3,4], 89 

S =
S

L

SH

= -1

1

òJ p
z( )dpz

-5

-1

òJ p
z( )dpz

+
1

5

òJ p
z( )dpz

 , (3)

where SL and SH are the areas under the Compton profile covering the low- and high-momentum 90 
regions; parameters of 5 and 1 are the ranges within the low- and high-momentum regions, 91 
respectively. In this study, analysis of lithium reaction distributions and lithium concentrations, 92 
dependent on the charge-discharge rate, were conducted through the S-parameters. 93 

3. Results and Discussion94 

Figure 1(a) shows the entire internal structure of the sample coin cell through S-parameters. In 95 
this figure, the region of vertical position z < -0.1 mm and z >1.4 mm corresponds to the battery outer 96 
stainless steel case (SUS), region around z = 0 mm corresponds to the spacer, region 0.1 < z < 0.35 mm 97 
corresponds to LiAl negative electrode, region 0.4 < z < 0.55 mm corresponds to the separator, and 98 
0.6 < z < 1.3 mm corresponds to the V2O5 positive electrode. To study the details of the lithium 99 
reaction, we measured the Compton scattered energy spectrum precisely at the region of 0 < z < 0.7 100 
mm. Figure 1(b) shows the variation of the S-parameters in the full-discharged state (SOC0) and101 
full-charged state (SOC100) when the battery is charged and discharged by 0.2C. By charging the 102 
battery, the S-parameters increase by about 1.7 % at the negative electrode; on the other hand, they 103 
decrease by about 1.8 % at the positive electrode. Moreover, the separator position shifts toward the 104 
positive electrode direction by charging the battery. This means that the lattice volume of the 105 
negative electrode material expanded through the insertion of lithium ions. From the above, the 106 
S-parameter allow us to study lithium reaction distributions in the coin cell.107 

Figure 1. Internal Structure of the VL2020 coin cell observed by the S-parameters. (a) Components of 
the coin cell are distinguished by the value of S-parameters. (b) Change of S-parameters at positive 
and negative electrodes with the charge-discharge cycle displayed. Fully charged state (SOC100) 
and fully discharged state (SOC0) are shown in red and blue circles, respectively. The background 
color shows the regions of the corresponding components of the coin cell. 

Lithium reaction distribution was obtained from two different charge-discharge rates of 0.2C 108 
and 1C, as shown in Figure 2. These distributions were obtained by scanning with the incident 109 
X-rays. The observing region on the coin cell is from the end of the negative electrode to the middle110 
of the positive electrode, which is shown as a red square in Figure 2(a). The size of the total mapping 111 
region is 0.7 mm in height and 10 mm in width. 112 
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Figures 2(b) and (c) correspond to SOC0 and SOC100 of lithium reaction distributions in the 0.2C 114 
rate, and Figures 2(d) and (e) correspond to SOC0 and SOC100 of lithium reaction distributions in 115 
the 1C rate. In Figures 2(b) and (d), the regions of high S-parameters are manifested at the region of 116 
the positive electrode; on the other hand, the regions of high S-parameters are manifested at the 117 
surface of the negative electrode in Figures 2(c) and (e). It is observed that the separator position 118 
moves toward the positive electrode direction when the battery is charged. Although this trend is 119 
the same in the 0.2C and 1C rates, the amount of movement of the separator at the 1C rate is larger 120 
than that of 0.2C rate. On the other hand, by discharging the battery, the separator position returns 121 

Figure 2. Lithium reaction distributions. (a) Picture of the sample and observation region of the 
lithium reaction distribution. (b) Lithium reaction distribution of fully discharged state obtained 
from the 0.2C rate. (c) Lithium reaction distribution of fully charged state obtained from 0.2C rate. 
(d) Lithium reaction distribution of fully discharged state obtained from the 1C rate. (e) Lithium
reaction distribution of fully charged state obtained from the 1C rate. The color corresponds to the
S-parameter intensity in these reaction maps.

Figure 3. Change of lithium reaction distribution depending on charge-discharge rate, for 1C and 
0.2C rates (a) At a fully charged state (SOC100). (b) At a fully discharged state (SOC0). 
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to the initial position. This movement of the separator position corresponds to volume expansion or 122 
contraction of the electrode materials with moving lithium ions. 123 

To exhibit the difference of lithium reaction distributions between 0.2C and 1C rates, we 124 
subtracted the lithium reaction distribution obtained at 1C rate from that obtained at 0.2C rate. Here, 125 
the separator position on lithium reaction distribution obtained at the 0.2C rate was corrected to 126 
agree with the separator position obtained at 1C rate following the same manner as previously 127 
reported [4]. Figures 3(a) and (b) correspond to the change of the distributions in the SOC100 and 128 
SOC0, respectively. In Figure 3(a), relatively vigorous lithium reactions occur at the surface of the 129 
negative electrode on the 1C rate. This trend of the lithium reactions occurring at the surface is the 130 
same as that reported previously in our study [4]. On the other hand, interestingly, when the battery 131 
was discharged by the 1C rate, as shown in Figure 3(b), high S-parameter values appeared around 132 
the horizontal position of x = -1 mm in the negative electrode. This means that the lithium ions 133 
remain into the negative electrode in the case of the 1C rate, although they move to the positive 134 
electrode on the full-discharged state of SOC0. These results were obtained by measuring 135 
nondestructively a commercial lithium-ion battery. Recently, the usage of lithium metal as a 136 
negative electrode material is considered to result in high-performance batteries, as the lithium 137 
metal has the highest theoretical capacity, 3861 mAh/g, among general negative electrode materials 138 
[13-15]. However, there is a problem that lithium dendrite occurs at the surface of the negative 139 
electrode. Our technique can be exploited to monitor the generation of lithium dendrite 140 
nondestructively. 141 

142 

143 
144 
145 
146 

Figure 4. (a) S-parameters for each position at positive electrode in SOC0. (b) S-parameters 
for each position at negative electrode in SOC0. (c) S-parameters for each position at 
positive electrode in SOC100. (d) S-parameters for each position at negative electrode in 
SOC100. Blue and red symbols correspond to the results obtained from 0.2C and 1C rate, 
respectively. 
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Table 1. Average values and deviations of S-parameters between 1C and 0.2C rates. 147 

Positive electrode Negative electrode 

SOC0 SOC100 SOC0 SOC100 

1C rate 
Average 1.486  0.001 1.476  0.001 1.376  0.001 1.405  0.001 

Deviation 0.006 0.008 0.028 0.033 

0.2C rate 
Average 1.485  0.001 1.465  0.001 1.334  0.001 1.365  0.001 

Deviation 0.006 0.005 0.015 0.013 
148 

In Figure 4, an average of the S-parameters is shown, which is obtained from Figure 2 for every 149 
horizontal position, x, in the coin cell at the positive and negative electrodes; Figures 4(a), (b), (c), 150 
and (d) correspond to the positive electrode at SOC0, the negative electrode at SOC0, the positive 151 
electrode at SOC100, and the negative electrode at SOC100, respectively. The average values and 152 
deviations of the S-parameters, obtained from Figure 4, are summarized in Table 1. In Figure 4 and 153 
Table 1, the S-parameters in the positive electrode are almost constant, regardless of 154 
charge-discharge speed. In contrast, the S-parameters in the negative electrode exhibit some 155 
variation. Deviation of the S-parameters at 1C rate is larger than that at 0.2C rate, and the value 156 
becomes almost two times higher. To discuss the inhomogeneity of the lithium distributions, the 157 
S-parameters were converted to lithium composition by using calibration curves between the158 
S-parameter and lithium composition of positive and negative electrodes. The following calibration159 
curves were used: xp = 32.476  Sp - 47.186 for positive electrode and xn = 32.476  Sn - 47.186 for 160 
negative electrode; xp and xn show the lithium compositions of LixV2O5 and LixAl, and Sp and Sn show 161 
the averaged S-parameters per horizontal position. In Figure 5, the lithium composition for every 162 
horizontal position, x, of the battery is shown; Figures 5(a), (b), (c), and (d) correspond to the positive 163 
electrode at SOC0, the negative electrode at SOC0, the positive electrode at SOC100, and the negative 164 
electrode at SOC100, respectively. The average values and deviations for the lithium composition are 165 
summarized in Table 2. In Figure 5 and Table 2, we confirmed that the deviation of the lithium 166 
composition obtained from the 1C rate is larger than that from the 0.2C rate. 167 

Figure 5. Lithium compositions of each position at (a) positive electrode in SOC0, (b) negative 
electrode in SOC0, (c) positive electrode in SOC100, (d) negative electrode in SOC100. Blue and red 
symbols correspond to the results obtained from the 0.2C and 1C rates, respectively. 
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Therefore, inhomogeneous reactions are promoted during high charge-discharge speed. 168 

Table 2. Average values and deviations of lithium composition for the 1C and 0.2C rates. 169 

Positive electrode Negative electrode 

SOC0 SOC100 SOC0 SOC100 

1C rate 
Average 1.088  0.028 0.738  0.035 0.412  0.005 0.566  0.005 

Deviation 0.210 0.252 0.151 0.179 

0.2C rate 
Average 1.040  0.028 0.387  0.032 0.184  0.005 0.349  0.005 

Deviation 0.198 0.158 0.080 0.070 

4. Conclusions170 

We applied the Compton scattering imaging technique for a commercial lithium coin cell. The 171 
motivation of this study is to deduce the charge-discharge rate dependency of lithium reaction 172 
distribution by directly monitoring lithium ions. This is directly linked with the safety and longevity 173 
of batteries. In this study, we observed the residual lithium ions at the center of negative electrodes 174 
on a fully discharged state by relatively high-speed discharge rate; the inhomogeneous reaction was 175 
facilitated on relatively high-speed charge-discharge rate, in both the negative and positive 176 
electrodes. Compton scattering imaging can also be applied to commercialized large-scale 177 
lithium-ion batteries and enable in-situ and in-operando measurements of the batteries. Therefore, the 178 
results are directly linked to the development of batteries products. 179 
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