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ABSTRACT 

Herein, a method has been described to rapidly obtain a semi-quantitative three-

dimensional lithium distribution of a lithium-ion battery graphite anode using laser-induced 

breakdown spectroscopy (LIBS) measurements. LIBS measurements of the graphite anodes 

with a diameter of 10 mm were performed in an argon atmosphere of 1000 Pa until the depth 

of 150 μm using the Li emission line of 610.4 nm. The emission intensity was measured for 

the pitch of 500 μm in plane. Homogeneous and inhomogeneous lithium distributions were 

observed in the anodes after both charge and charge-discharge processes. The inhomogeneous 

lithium distribution after the charge process was attributed to the preferentially reacted area in 

the anode, while that after the charge-discharge process was likely related to the low 

desolvation reaction rate of lithium ions at the solid electrolyte interphase. These 

inhomogeneous lithium distributions were consistent with the results from the charge-

discharge curves and the lithium ion transfer mechanism. Thus, it was proven that it is 

possible to acquire a three-dimensional lithium distribution of a graphite anode of a lithium-

ion battery by LIBS measurements. 

Keywords: Three-dimensional distribution, semi-quantitative lithium analysis, laser-induced 

breakdown spectroscopy, graphite anode 
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1. Introduction 

 Owing to their high power density and a relatively good cycle life, lithium-ion 

batteries have been the preferred energy source for small electronic devices such as laptop 

computers and smartphones. Recently, they have been applied to larger devices such as 

electric vehicles and stationary electric energy storage systems. Suppression of the 

degradation at high charge-discharge rates and under prolonged cycling is a key factor for 

lithium-ion batteries to be more widely applied in larger devices [1-5]. The degradation of 

lithium-ion batteries is characterized by capacity loss and an increase in impedance, which are 

caused by a macroscopic inhomogeneous reaction distribution in electrodes [6] resulting from 

microscopic factors such as electrode disintegration, material deterioration, loss of free 

lithium, surface layer formation, and contact deterioration [7,8]. The inhomogeneous reaction 

distribution in the electrodes is prominent in lithium-ion batteries that are used for large-scale 

devices at high charge-discharge rates owing to their size [9,10]. Therefore, visualizing the 

macroscopic inhomogeneous reaction distribution plays an important role in maintaining the 

performance and stability of large-scale lithium-ion batteries. However, there are fewer 

analytical methods available to visualize the macroscopic inhomogeneous reaction 

distribution in the electrode in contrast to techniques to investigate the microscopic 

inhomogeneous reaction distribution [7,11]. The analytical methods proposed for the 

visualization of the macroscopic inhomogeneous reaction distribution in the anode include 

Raman spectroscopy [12,13], X-ray tomography [14], neutron diffraction [15], laser 

triangulation measurement [16], spatially resolved X-ray diffraction [17], glow discharge 

optical emission spectroscopy [18], and lock-in thermography [6]. The lack of suitable 

analytical methods is due to the fact that the anode normally consists of only carbon (graphite) 

and lithium.  
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Several studies have previously focused on laser-induced breakdown spectroscopy 

(LIBS) as a technique for displaying inhomogeneous reaction distributions in electrodes in 

lithium-ion batteries [19-23]. This is because spatial resolution of a few hundred micrometers 

in plane and dozens of micrometers in depth can be attained by using the pulse laser in LIBS, 

whereas the other analytical techniques mentioned above, such as Raman spectroscopy, 

neutron diffraction, and X-ray diffraction, are limited to two-dimensional mapping. 

Additionally, LIBS can detect straightforward signals from lithium as light associated with 

the deexcitation of lithium atoms in a plasma that is produced using an intense laser pulse. We 

have recently proposed a method to obtain the quantitative two-dimensional lithium 

distribution of a lithium-ion battery cathode by performing LIBS measurements in an argon 

atmosphere of 1000 Pa and using standard samples with different lithium concentrations [23]. 

In this study, three-dimensional lithium distributions of a graphite anode were acquired by 

advancing the previously reported LIBS measurements. The formation of inhomogeneous 

lithium distributions of the graphite anode has been discussed in terms of their charge-

discharge curves and the lithium ion transfer mechanism. Graphite and LiCoO2 were selected 

as the active materials in the anode and cathode, respectively, because they are the most 

widely-used electrode materials in lithium-ion batteries. To our knowledge, this study is the 

first to confirm the validity of the three-dimensional lithium distributions of the anode 

obtained by LIBS measurements together with the electrochemical interpretation. 

 

2. Experimental 

Graphite sheet (The Nilaco Corporation, Tokyo, Japan) with a thickness of 150 (99% 

purity) or 300 μm (99.5% purity) was cut into a disk with a diameter of 10 mm and used as 

the anode. The graphite sheet mainly were consisted of particles with a size below 20 μm as 

shown in Fig. S1. We used the graphite sheet with a thickness of 300 μm to acquire as many 
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LIBS mappings in depth as possible even though the thickness of 300 μm is larger than that of 

a commercial lithium-ion battery anode (approximately 100 μm [24]). The cathode material 

was prepared by mixing LiCoO2 powder (99.8% purity, Sigma-Aldrich Co. LCC, MO, USA) 

as the active material, acetylene black as the conductive additive, and polytetrafluoroethylene 

as the binder in a weight ratio of 14:5:1. The mixture was stretched into a sheet with a 

thickness of approximately 300 μm using an agate mortar. The cathode was cut into a disk 

with a diameter of 10 mm from the sheet and dried together with the anode at 353 K. A 

lithium-ion battery cell was assembled using the cathode, anode, polyethylene film as the 

separator, and 1 mol dm−3 LiPF6 dissolved in a mixed solution of ethylene carbonate and 

dimethyl carbonate (1:1, v/v) as the electrolyte (Fig. 1). The assembly process was carried out 

in an argon-filled glove box, where the dew point of water and the concentration of oxygen 

were controlled at less than –70 °C and 10 ppm, respectively. The assembled cells were 

charged and discharged under the four conditions listed in Table 1 using a battery charge-

discharge system (HJ1001SD8, Hokuto Denko Corporation, Tokyo, Japan). The assembled 

cells were charged at 14 mA g–1 based on the LiCoO2 weight for 10 h (0.1 C) and discharged 

at 14 mA g–1 until the voltage between the cathode and anode became 3.0 V. After the charge-

discharge test, the cathode was washed in a mixed solution of ethylene carbonate and 

dimethyl carbonate (1:1, v/v). 

LIBS measurements of the anodes were performed using a custom LIBS system, as 

reported previously [23]. In brief, a Q-switched Nd:YAG laser (LOTIS TII, LS-2137) with a 

wavelength of 532 nm was used. The energy and duration of the pulsed laser irradiated on the 

samples were 20 mJ/pulse and 16–18 ns, respectively. A single pulse was shot from the laser 

onto the samples for each measurement point. The pulsed laser was focused on the samples 

using a plano-convex lens with a focal length of 150 mm. The light emitted from the plasma 

was collected using a plano-convex lens with a focal length of 100 mm and diameter of 50 
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mm, through an optical fiber to a spectrometer system consisting of a Czerny-Turner 

spectrograph (MS 7504i, SOL Instruments Ltd., Minsk, Belarus) and an intensified charge-

coupled device (ICCD) detector (DH334T-18F-03, Andor Technology Ltd., Belfast, UK). The 

gate of the ICCD detector was triggered by the laser and the relative delay was controlled by 

the digital delay generator integrated in the ICCD detector. The gate width and the relative 

delay were set to 20 μs and 800 ns, respectively. The anodes were placed in a chamber, which 

enabled the atmosphere to be controlled by introducing gas and the connection of a rotary 

pump. The analyzed positions of the sample in the x and y directions were controlled by 

placing the chamber on linear transition automatic stages. Similar to a previous report [19], 

the LIBS measurements were conducted in an argon atmosphere of 1000 Pa by measuring the 

intensities of the Li I 610.4 nm emission line because a self-absorption effect of lithium was 

buffered and the emission intensity of the Li I 610.4 nm line correlated with the lithium 

concentration under the measurement condition. A quarter area of the anodes was analyzed by 

irradiating a specified number of pulses from a pulse laser on the same point in sequence. 

Subsequently, the measured points were moved. The pitch of the measured points on the 

anodes was 500 μm. The intensities of the Li I 610.4 nm emission line were calibrated by 

measuring the intensity of the pristine cathode material before the LIBS measurement of each 

anode. 

 

3. Results and discussion 

Three-dimensional LIBS mappings of lithium for the graphite anodes were acquired 

by irradiating the single pulse laser several times on the same point of the sample. In this case, 

the volumes sputtered by the pulse laser were likely decreased with the increasing number of 

the pulses because of the defocusing of the laser. We first investigated the relationship 

between the sputtered volume and the number of the pulses by measuring the depths and 
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diameters of the dimples formed by each irradiation of the pulse using a digital microscope 

(VHX-1000, KEYENCE Corp., Osaka, Japan). The graphite sheet with a thickness of 300 μm 

was used for the measurement. We selected the graphite sheet instead of a composite graphite 

used for a conventional lithium-ion battery anode because the depth of a dimple formed by a 

single pulsed laser for the graphite sheet was smaller than that for the composite graphite 

owing to the hardness of the graphite sheet. Figure 2 shows the measured depth and diameter 

of the dimples for each irradiation of the pulse laser as a function of the number of the pulses. 

The depths of the dimples increased almost linearly with the increasing number of pulses until 

the ninth pulse, while those for the tenth and fifteenth pulse deviated from linearity. The 

tendency that the ablation rate of the graphite sheet decreased at higher depths is consistent 

with that previous papers [25,26]. It is reported in the paper that the reduction of the ablation 

rate is due to the solidification of the molten and redeposited material after laser-induced 

ablation at the bottom of the dimple [26]. In contrast, the diameters of the dimples were 

almost constant for every pulse. Therefore, it was speculated that the sampling volume of the 

LIBS measurements was constant until the ninth pulse. In the subsequent measurements, 

LIBS mappings were acquired from the surface up to a depth of 150 μm, where the ninth 

pulse of the laser reached in the graphite layer with a thickness of 300 μm. 

The LIBS mappings of lithium for graphite anodes were acquired after the charge-

discharge test under the four different conditions listed in Table 1. Figure 3 shows the charge 

and discharge curves of the cells under the specified conditions. We charged the cells until the 

specific capacity of LiCoO2 in the cathodes reached 140 mAh g–1, which is nearly the 

maximum reversible specific capacity of LiCoO2 and below which the cells can be operated 

without any appreciable capacity loss [27]. At the end points of the charging, the specific 

capacities of graphite in the anodes corresponded to 73, 73, 173, and 173 mAh g–1 for cells A, 

B, C, and D, respectively. These specific capacities were within the theoretical maximum 
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reversible specific capacities of graphite (372 mAh g–1) [28-30]. Additionally, the charge and 

discharge curves of all the cells were in good agreement with a typical charge and discharge 

curve of a LiCoO2/graphite cell [31]. It is also reported that a graphite sheet, whose particle 

size is larger than that of the graphite sheet we used in the present study, works correctly as an 

anode of lithium-ion battery [32]. Therefore, the cells in the present study were correctly 

operated as a lithium-ion battery. 

Figure 4 shows the three-dimensional mappings of lithium for the graphite anodes 

with a thickness of 300 μm after charging until 140 mAh g–1 of LiCoO2 (cell A and B). The 

mappings were acquired from the surface of the graphite contacted with the separator (first 

layer) to the area with a depth of 150 μm (ninth layer). The distribution of intensities of the Li 

I 610.4 nm emission line for cell A was relatively homogeneous for all the measured depths. 

In contrast, the intensities of the Li I 610.4 nm emission line for cell B decreased with the 

increasing depth of graphite. Additionally, the intensities of the Li I 610.4 nm emission line 

seemed to be high around the edge and low near the center for almost all depths of cell B. It 

should be noted that the in-plane mappings represent macroscopic lithium distributions 

because of the sampling pitch of 500 μm. These inhomogeneous lithium distributions of cell 

B were similar to those of previously reported experimental [15-17,33] and simulation [34] 

results. In the reports, the inhomogeneous distribution of lithium was due to the geometric 

effect, leading to overpotential at the edge and surface of the anodes. As a result, the charge 

reaction of the anode preferentially occurred at the edge and the surface of the anode, and the 

overall anode resistance was increased. By comparing the charge curves of cells A and B 

(shown in Fig. 3(a)), it was rationalized that the inhomogeneous lithium distribution was 

linked to the increase in the anode resistance. This is because the voltage of cell B was higher 

than that of cell A at the end of the charge. Figure 3(a) indicates that the inhomogeneous 

lithium distribution in cell B was initiated at ~90 mAh g–1 of LiCoO2 because the charge 
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curve of cell B deviated from that of cell A at the capacity. However, the reason for the 

different lithium distributions at the same charging condition was not evident. Nevertheless, it 

was inferred that the inhomogeneous lithium distributions were related to the geometry of the 

cells. In the present study, the center of the anode of cell B might have been placed out of 

alignment with that of the cathode during cell assembling. In addition, the thickness of the 

anodes might be also related to the inhomogeneous lithium distributions because the thickness 

of the anodes were three times thicker than that of a commercial lithium-ion battery anode. 

We also acquired three-dimensional lithium mappings for the graphite anode, whose 

thickness was close to that of the commercial lithium-ion battery anode, after discharging 

(cell C). The thickness of the graphite anode was 150 μm and the obtained LIBS mappings are 

shown in Fig. 5(a). Additional emission signals due to a base under the graphite anode were 

detected after the seventh pulse as shown in Fig. S2, which indicates that the laser reached the 

backside of the graphite anode. Therefore, we showed the LIBS mapping until the fifth layer 

which corresponded to approximately 100 μm in depth. Intensities of the Li I 610.4 nm 

emission line for cell C were less than half compared to those for charged cells (cell A and B) 

at all depths. Intensities of the Li I 610.4 nm emission line for cell C decreased with the 

increasing depth of the graphite and were high around the edge of the anode. This 

inhomogeneous lithium distribution occurred during the discharge process. This is because a 

relatively homogeneous lithium distribution was observed for the charged cell (cell D) with 

the same charging condition as cell C (Table 1) and a quite similar charging curve to that of 

cell C (Fig. 3(b)), as shown in Fig. 5(b). Based on Fig. 3(b), it was suggested that a solid 

electrolyte interphase (SEI) was formed on the graphite anode of cell C because the loss of the 

specific capacity of cell C was observed after the discharge process. It is reported that the 

desolvation process of lithium ions at the SEI is the rate-determining step of lithium ion 

transfer at graphite [35], which indicates that it takes longer time for lithium ions to be 
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completely diffused out from the graphite anode during the discharge process than that during 

the first charge process. As a result, it is speculated that lithium ions deep inside the anode 

after the charge process may remain near the surface contacting with the separator and the 

edge of the anode after the discharge process. Hence, the surface contacting with the separator 

and the edge of the anode for cell C showed higher intensities of the Li I 610.4 nm emission 

line compared to those of other areas. It is worth noting that the LIBS measurements in the 

present study did not detect the SEI because the thickness of the SEI is on a nanometer scale 

[11,36,37] which is five orders of magnitude smaller than the diameter of dimples formed by 

the irradiation of the laser pulse.  

Furthermore, the results obtained in the present study confirm that it is possible to 

obtain three-dimensional LIBS mappings of lithium for graphite anodes, which is consistent 

with the lithium distributions interpreted from the charge–discharge curves of the cells and 

lithium ion transfer mechanism in the graphite anode. Therefore, the LIBS measurements are 

a promising rapid and easily-handled procedure to trace the charge-discharge process 

occurring in lithium ion batteries.  

 

4. Conclusions 

 In this study, it was demonstrated that we can semi-quantitatively acquire the three-

dimensional lithium distribution for a graphite anode of a lithium-ion battery by performing 

LIBS measurements in an argon atmosphere of 1000 Pa and relating the obtained lithium 

distributions to the results of electrochemical measurements. The lithium distribution was 

obtained by measuring the intensities of the Li I 610.4 nm emission line until 150 μm in depth. 

The pitch of the measured point on the anodes was 500 μm in-plane. When LIBS 

measurements were conducted for anodes charged at 14 mA g–1 based on LiCoO2 weight for 

10 h (0.1 C), the lithium distributions were homogeneous and inhomogeneous for the anodes 
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with the lower and higher endpoint cell voltages, respectively. The inhomogeneity of the 

anode originated from preferential reaction areas, which led to larger resistances of the anode. 

When we performed LIBS measurements for the anode charged at 14 mA g–1 of LiCoO2 for 

10 h and discharged at 14 mA g–1 of LiCoO2 until the cell voltage became 3.0 V, the lithium 

distribution was inhomogeneous. This inhomogeneous lithium distribution might be related to 

the low reaction rate of the desolvation process of lithium ions at the SEI. The lithium 

distributions obtained by the LIBS measurements could be explained on the basis of the 

charge-discharge curves of the cells and lithium ion transfer in graphite anode. Therefore, 

LIBS can provide a semi-quantitative three-dimensional lithium distribution of the graphite 

anode in sub millimeter scale in plane and dozens of micrometer scale in depth. Further 

studies are now continuing to convert the semi-quantitative mapping of lithium into the 

quantitative spatial distribution when the calibration is performed using stoichiometric 

compounds such as LiC6, LiC12, or LiC18. 
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Table 1 Charge and discharge conditions of the assembled cells. 

 

 

Cell 
Thickness of anode 

(graphite) [μm] 

Charge Discharge 

Current density 

[mA (g of LiCoO2)
–1] 

Time 

[h] 

Current density 

[mA (g of LiCoO2)
–1] 

Cut off voltage 

[V] 

A 300 140 10 – – 

B 300 140 10 – – 

C 150 140 10 140 3.0 

D 150 140 10 – – 
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Figure 1 

 

Fig. 1.  Schematic illustration of the assembled lithium-ion battery cell. 
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Figure 2 

 

Fig. 2.  (a) Depth and (b) diameter of the dimples formed by irradiating the pulse laser as a 

function of the number of laser pulses. 
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Figure 3 

 

Fig. 3.  Charge-discharge curves for (a) cells A and B, and (b) cells C and D.
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Figure 4 

 

Fig. 4.  LIBS mappings of the intensities of the Li I 610.4 nm emission line for the anode of cell (a) A and (b) B from 

the surface to the area irradiated nine times by the pulse laser. The first layer corresponded to the surface in 

contact with the separator. The gray dots represent the unmeasured area. 
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Figure 5 

 

Fig. 5.  LIBS mappings of the intensities of the Li I 610.4 nm emission line for the anodes of 

(a) cell C and (b) cell D from the surface to the backside obtained by irradiating the 

pulse laser five times. The first layer corresponded to the surface in contact with the 

separator. The gray dots represent the unmeasured area. 
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Figure S1 

 

Figure S1. SEM image of the graphite sheet we used in this study. 
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Figure S2 

 

Fig. S1. LIBS spectra for the (a) first layer and (b) seventh layer of the anode of cell D at the 

position of X=0, Y=0 of Fig. 5(b). 


