
 

 特点描述
◆ TOC 固体样品测量系统可对正极活性材料表面的碳包覆层进行定量测定。
◆ AIRsight 红外 / 拉曼显微镜可对碳包覆层表面结构进行评估。
◆ 仅需少量样品即可评估碳含量和结构。

 �引言

锂离子动力电池（LiB）的正极活性材料按用途大致分为
两类：镍基材料（NCM/NCA/NCMA）和磷酸盐体系材料
（LFP：LiFePO4、LMFP：LiFexMn1-xPO4）。镍基材料具有
高能量密度以及优异的低温性能和高倍率输出性能，是长续
航里程和高端车型动力电池的核心材料。磷酸盐基材料具有
更高的安全性、更长的循环寿命和成本优势，在标准续航里
程和大众车型领域的应用规模不断扩大。

由于 LFP 和 LMFP 化合物本身的电子导电性较低，因此
必须在活性材料表面进行碳包覆，以改善导电、提升电化学
性能，可见对碳含量进行定量管控十分重要。针对该类材料
中的碳含量分析，可使用 TOC-L 总有机碳分析仪搭配 SSM-
5000A 固体样品燃烧装置组成的 TOC 固体样品测量系统（图
1）实现高效检测。

此外，表面碳层的导电性与碳的石墨化程度及缺陷结构
密切相关，因此碳层的结构评估同样十分重要。AIRsight 红
外 / 拉曼显微镜（图 2）可实现此类结构评估。

本应用报告介绍 LMFP 正极活性材料表面碳的评估示
例： 使 用 TOC-L + SSM-5000A 系 统 进 行 碳 定 量， 并 使 用
AIRsight 红外 / 拉曼显微镜评估碳层结构。

 �分析样品

LMFP 正极活性材料（LMFP：LiFe0.4Mn0.6PO4）

 �碳的定量评估

分析方法

TOC 固体样品测量系统通过检测固体样品经燃烧氧化或
酸化后产生的二氧化碳（CO2），对总碳（TC）或无机碳（IC）
进行定量分析。

本次分析采用 TC 分析对碳含量进行定量测定。只需将样
品称量至样品舟（图 3）中并装入仪器，即可快速、简便且
准确地完成测试。

材料研发阶段，正极活性材料制备产量通常较少，因此
需要尽量减少单次分析的样品消耗量。本次分析兼顾样品的
碳绝对量和仪器定量限（LOQ），单次测量（n = 1）分别称
取 15 mg、30 mg 样品。若进行三次平行分析（n = 3），则
每个样品的消耗量为 45mg、90 mg。

测量条件如表 1 所示。
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表 1  测量条件

仪器 TOC 固体样品测量系统（TOC-LCPH 总有机碳分
析仪 + SSM-5000A 固体样品燃烧装置）

池长 短池

载气 氧气 500 mL/min

TC 测量方法 燃烧催化氧化法（TC 炉：980℃）

测量项目 TC

校准曲线 TC：使用碳酸钙粉末试剂建立单点校准曲线

样品量（n = 1） 15 mg, 30 mg

定量限 0.1 mgC（碳绝对量）*1

图 3  LMFP 正极活性材料
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Fig. 2  IRTracer  (Left) + AIRsight  (Right)

Quantitative Evaluation of Carbon
Analysis Method
The TOC solid sample measurement system quantifies total 
carbon (TC) or inorganic carbon (IC) by detecting carbon dioxide 
(CO2), generated either by combustion oxidation of solid 
samples or by acidification of the sample.
In this analysis, TC analysis was performed for carbon 
quantitative evaluation. This system enables rapid, 
straightforward, and accurate analysis simply by weighing the 
sample into a sample boat (Fig. 3) and loading it into the 
instrument.
In practical research, cathode active materials are often 
available only in limited quantities, so analysis with minimal 
sample consumption may be required. Therefore, 15 mg or 
30 mg of sample was weighed for a single measurement (n = 1) 
in this analysis, taking into account the absolute carbon content 
of the sample and the limit of quantitation (LOQ) of the 
instrument. Assuming triplicate analysis (n = 3), the sample 
consumption per sample would be 45 to 90 mg.
The measurement conditions are shown in Table 1.

 Introduction
The cathode active materials used in lithium-ion batteries (LiBs) 
for electric vehicles (EVs) are broadly classified into two categories 
depending on their application: nickel-based materials 
(NCM/NCA/NCMA) and phosphate-based materials (LFP: LiFePO4, 
LMFP: LiFexMn1-xPO4). Nickel-based materials are characterized by 
high energy density as well as excellent low-temperature and 
high-power performance, making them indispensable for long-
range driving and high-performance vehicle segments. In 
contrast, phosphate-based materials offer superior safety, long 
cycle life, and cost advantages, and their use is expanding 
primarily in standard-range and mass-market segments.
Because LFP and LMFP compounds are intrinsically low in 
electronic conductivity, a carbon coating on the surface of the 
active material is essential to compensate for that limitation and 
improve performance. Accordingly, quantitative control of 
carbon content is of great importance. For that type of carbon 
analysis, the TOC solid sample measurement system (Fig. 1), 
which combines a TOC-L total organic carbon analyzer with an 
SSM-5000A solid sample combustion unit, is effective.
Furthermore, the conductivity of the surface carbon layer is 
closely related to the degree of graphitization and defect 
structure of the carbon, making structural evaluation of the 
carbon layer equally important. The AIRsight infrared/Raman 
microscope (Fig. 2) enables such structural evaluation.
This Application News presents examples of evaluating carbon 
on the surface of LMFP cathode active materials, with carbon 
quantitation using a TOC-L + SSM-5000A system and carbon 
layer structure evaluation using the AIRsight infrared/Raman 
microscope.

 The TOC solid sample measurement system enables quantitative evaluation of carbon coatings on cathode active material 
surfaces.

 The AIRsight infrared/Raman microscope enables evaluation of the carbon layer structure.
 Carbon content and structure can be evaluated using a small amount of sample.

Evaluation of Surface Carbon on Lithium-Ion 
Battery Cathode Active Materials Using a TOC 
Analyzer and Infrared/Raman Microscope
Jiajie Du and Yoshiyuki Tange

Total Organic Carbon Analyzer, AIRsight  Infrared/Raman Microscope 

Fig. 1  TOC Solid Sample Measurement System
TOC-L (Left) and SSM-5000A Solid Sample Combustion Unit (Right)

Analysis Sample
LMFP cathode active material (LMFP: LiFe0.4Mn0.6PO4)

Fig. 3  LMFP Cathode Active Material 

Instrument TOC solid sample measurement system
(TOC-LCPH total organic carbon analyzer + 
SSM-5000A solid sample combustion unit)

Cell Length Short cell

Carrier Gas 500 mL/min oxygen gas

TC Measurement Method Combustion catalytic oxidation 
(TC furnace: 980 °C)

Measurement Items TC

Calibration Curve TC: One-point calibration curve using calcium 
carbonate powder reagent

Sample Amount (n = 1) 15 mg, 30 mg

Limit of Quantitation 0.1 mgC (absolute carbon amount)*1

Table 1 Measurement Conditions

*1 Further sensitivity improvement is possible by using the optional cell 
switching valve set.
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TOC-L (Left) and SSM-5000A Solid Sample Combustion Unit (Right)

Analysis Sample
LMFP cathode active material (LMFP: LiFe0.4Mn0.6PO4)

Fig. 3  LMFP Cathode Active Material 

Instrument TOC solid sample measurement system
(TOC-LCPH total organic carbon analyzer + 
SSM-5000A solid sample combustion unit)

Cell Length Short cell

Carrier Gas 500 mL/min oxygen gas

TC Measurement Method Combustion catalytic oxidation 
(TC furnace: 980 °C)

Measurement Items TC

Calibration Curve TC: One-point calibration curve using calcium 
carbonate powder reagent

Sample Amount (n = 1) 15 mg, 30 mg

Limit of Quantitation 0.1 mgC (absolute carbon amount)*1

Table 1 Measurement Conditions

*1 Further sensitivity improvement is possible by using the optional cell 
switching valve set.

图 1  TOC 固体样品测量系统
TOC-L（左）和 SSM-5000A 固体样品燃烧装置（右）

图 2  IRTracerTM（左）+ AIRsightTM（右）

*1 使用选配的池切换阀组还可进一步提高灵敏度。
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测量结果

LMFP 表面碳包覆层的 TC 分析结果如表 2 所示。样品
量为 15 mg 和 30 mg 时测得的 TC 值数值基本一致，且两组
数据的变异系数（CV）均小于 2.0%，表明重复性良好。

如果碳绝对量低于 LOQ（0.1 mgC），则需适当增加样
品量。

表 2  TC 分析结果

样品重量
（mg）

碳绝对量
（mgC） TC 浓度 (%) 平均 TC 

浓度 (%) CV(%)

15.7 0.2653 1.690

1.705 1.3015.2 0.2544 1.674

15.7 0.2694 1.717

30.2 0.5136 1.701

1.705 0.9430.4 0.5140 1.691

30.3 0.5218 1.722

 �碳的结构评估

分析方法

使用 AIRsight 显微镜的拉曼测量功能对 LMFP 表面进行
测量。预实验发现，当激光强度较高时，测量前后的样品外
观和拉曼光谱均会发生变化。为尽量减少激光照射影响，将
ND 滤光片设为 7.5%，在不损伤样品的情况下可获得高质量
拉曼光谱。

详细测量条件如表 3 所示。

 �结论
使用 TOC 固体样品测量系统（TOC-L + SSM-5000A）

对 LMFP 表面的碳包覆层进行了定量分析，并使用 AIRsight
红 外 / 拉 曼 显 微 镜 评 估 碳 层 结 构。 此 外， 对 TC 分 析 后 的
LMFP 残渣进行了拉曼分析，以验证碳定量结果的有效性。

TOC 固体样品测量系统（TOC-L + SSM-5000A）不仅
可对固体样品进行 TC 分析，还可进行 IC 和 TOC 分析。此外，
只需更改软件设置，即可使用 TOC-L 主机对液体样品进行碳
分析（TOC、TC 和 IC）。该系统还可用于分析锂离子电池
回收相关材料中的 TOC，如黑粉、锂浸提液和碳酸锂等中的
TOC。

AIRsight 同时具备拉曼与红外测量模式，因此单台仪器
可实现红外与拉曼的测量。除本文介绍的拉曼测量案例外，
利用该套红外 / 拉曼显微镜还可评估负极材料、隔膜等各类
电池组件在充放电循环前后材料的劣化情况。

相关应用

1.	� 通过 TOC 分析评估碳酸锂中的有机杂质  
应用报告 No. 01-01098A-en

2.	� 利用红外 / 拉曼显微镜与气密样品池评 
估锂离子电池组件的劣化情况 
应用报告 No. 01-00997-cn

 �通过拉曼测量验证碳分析结果
为验证 LMFP 表面的碳包覆层是否已在 TOC 固体样品

测量系统中完全反应，还对 TC 分析后获得的 LMFP 残渣进
行了拉曼测量（图 5）。LMFP TC 测量前的材料以及 TC 分
析后 LMFP 残渣的典型拉曼光谱如图 6 所示。

图 6 显示，TC 分析后的 LMFP 残渣中， 1580 cm-1（G 峰）
和 1340 cm-1（D 峰）处的峰均消失，推测 LMFP 残渣表面
几乎无碳残留。因此，可以认为 LMFP 表面的碳已充分燃烧
反应，TOC 固体样品测量系统进行碳包覆层碳含量的定量分
析结果准确可靠。

此 外，TC 分 析 后 的 LMFP 残 渣 在 约 1300 cm-1 处 观 察
到一个新峰。推测该峰来源于高温氧化反应过程中形成的氧 
化物。

测量结果

LMFP 表面的典型拉曼光谱如图 4 所示。碳材料在约
1580 cm-1 处存在一个特征峰，称为 G 带峰，在约 1340 cm-1

处存在另一个特征峰称为 D 带峰。D 带较强表示晶格缺陷程
度较多、无序度高。D 带与 G 带的强度比（ID/IG）可作为电
导率和缺陷程度的指标。图 4 中标出了 ID/IG 比值。从 D 带可知，
该碳包覆层并非高结晶度石墨，而是存在一定的结构缺陷。

表 3  拉曼测量条件

仪器 IRTracer-100，AIRsight

测定次数 5 次

照射时间 25.0 sec

物镜 100x

ND 滤光片 7.5 %

激发波长 532 nm

检测器 CCD
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Conclusion
Quantitative analysis of the carbon coating on the LMFP surface 
was performed using the TOC solid sample measurement system 
(TOC-L + SSM-5000A), and structural evaluation of the carbon 
layer was conducted using the AIRsight microscope. In addition, 
Raman analysis of the LMFP residue after TC analysis was carried 
out to verify the validity of the carbon quantitation results.
The TOC solid sample measurement system (TOC-L + SSM-5000A) 
is capable of not only TC analysis in solid samples, but also of IC 
and TOC analysis. Furthermore, by simply changing the software 
settings, carbon analysis of liquid samples (TOC, TC, and IC) can 
also be performed using the TOC-L main unit. This system can 
also be applied to carbon analysis of water-extractable TOC in 
black mass, lithium extraction solutions, and lithium carbonate, all 
of which are relevant materials in lithium-ion battery recycling.
The AIRsight is capable of both Raman and infrared 
measurements. Therefore, in addition to the Raman 
measurements introduced here, it can be used, with a single 
microscope system, to evaluate degradation caused by charge 
and discharge cycles in various battery components, such as 
negative electrode materials and separators.

Related Applications
1. Evaluation of Organic Impurities in Lithium Carbonate by TOC 

Analysis  Application News No. 01-01098A-en
2. Deterioration Evaluation of Lithium-Ion Battery Components 

Using Infrared/Raman Microscope and Airtight Cells
Application News No. 01-00997A-en

Measurement Results
The TC results of the carbon coating on the LMFP surface are 
presented in Table 2. Comparable TC values were obtained for 
sample quantities of 15 mg and 30 mg, and the coefficients of 
variation (CV) were less than 2.0 %, indicating good 
reproducibility.
In addition, if the absolute carbon content falls below the LOQ 
(0.1 mgC), the sample amount should be increased.

Sample Weight
(mg)

Absolute 
Carbon (mgC)

TC Conc.
(%)

Average TC 
Conc.

(%)
CV (%)

15.7 0.2653 1.690

1.694 1.3015.2 0.2544 1.674

15.7 0.2694 1.717

30.2 0.5136 1.701

1.705 0.9430.4 0.5140 1.691

30.3 0.5218 1.722

Table 2  TC Analysis Results

Structural Evaluation of Carbon
Analysis Method
The LMFP surface was measured using the Raman measurement 
function of the AIRsight microscope. Preliminary investigations 
showed that higher laser intensities altered both the 
appearance and the Raman spectra before and after 
measurement. To minimize laser irradiation, the ND filter was 
set to 7.5 %, enabling acquisition of high-quality Raman spectra 
without sample damage. 
The detailed measurement conditions are shown in Table 3.

Instruments IRTracer-100, AIRsight

Accumulation 5 times

Exposure Time 25.0 sec

Objective Lens 100x

ND Filter 7.5 %

Excitation Wavelength 532 nm

Detector CCD

Table 3  Raman Measurement Conditions

Measurement Results
A representative Raman spectrum of the LMFP surface is shown 
in Fig. 4. Carbon materials exhibit a peak near 1580 cm-1, known 
as the G band, and a peak near 1340 cm-1, known as the D band. 
A strong D band indicates a high degree of structural defects. 
The intensity ratio of the D band to the G band (ID/IG) is used as 
an indicator of electrical conductivity and crystallinity. For 
reference, the ID/IG ratio is indicated in Fig. 4. The carbon coating 
was found to be not highly crystalline graphite, but rather to 
contain structural defects, as indicated by the D band.

Fig. 4  Raman Spectrum of the LMFP Surface

ID/IG = 0.8

G band

D band

Fig. 6  Raman Spectra of the LMFP Material and the LMFP Residue 

― Before TC analysis
― After TC analysis

Fig. 5  LMFP Residue after TC Analysis

Validation of the Carbon Results by Raman
To confirm that the carbon coating on the LMFP surface was 
completely reacted and quantified by the TOC solid sample 
measurement system, Raman measurements were also 
performed on the LMFP residue obtained after TC analysis 
(Fig. 5). Representative Raman spectra of the LMFP material and 
the LMFP residue after TC analysis are shown in Fig. 6.
As shown in Fig. 6, the peaks near 1580 cm-1 and 1340 cm-1 
disappeared for the LMFP residue after TC analysis. Since no 
Raman peaks derived from carbon were observed, it is inferred 
that only a negligible amount of carbon remained on the 
surface of the LMFP residue. Accordingly, the carbon present on 
the LMFP surface is considered to have reacted sufficiently and 
been appropriately quantified by the TOC solid sample 
measurement system.
In addition, a new peak near 1300 cm-1 was observed after TC 
analysis. This peak is presumed to originate from oxides formed 
during the high-temperature oxidation reaction.

G 带

   D 带

图 4  LMFP 表面的拉曼光谱

图 5  TC 分析后的 LMFP 残渣

图 6  LMFP 材料和 LMFP 残渣的拉曼光谱
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Conclusion
Quantitative analysis of the carbon coating on the LMFP surface 
was performed using the TOC solid sample measurement system 
(TOC-L + SSM-5000A), and structural evaluation of the carbon 
layer was conducted using the AIRsight microscope. In addition, 
Raman analysis of the LMFP residue after TC analysis was carried 
out to verify the validity of the carbon quantitation results.
The TOC solid sample measurement system (TOC-L + SSM-5000A) 
is capable of not only TC analysis in solid samples, but also of IC 
and TOC analysis. Furthermore, by simply changing the software 
settings, carbon analysis of liquid samples (TOC, TC, and IC) can 
also be performed using the TOC-L main unit. This system can 
also be applied to carbon analysis of water-extractable TOC in 
black mass, lithium extraction solutions, and lithium carbonate, all 
of which are relevant materials in lithium-ion battery recycling.
The AIRsight is capable of both Raman and infrared 
measurements. Therefore, in addition to the Raman 
measurements introduced here, it can be used, with a single 
microscope system, to evaluate degradation caused by charge 
and discharge cycles in various battery components, such as 
negative electrode materials and separators.

Related Applications
1. Evaluation of Organic Impurities in Lithium Carbonate by TOC 

Analysis  Application News No. 01-01098A-en
2. Deterioration Evaluation of Lithium-Ion Battery Components 
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Measurement Results
The TC results of the carbon coating on the LMFP surface are 
presented in Table 2. Comparable TC values were obtained for 
sample quantities of 15 mg and 30 mg, and the coefficients of 
variation (CV) were less than 2.0 %, indicating good 
reproducibility.
In addition, if the absolute carbon content falls below the LOQ 
(0.1 mgC), the sample amount should be increased.

Sample Weight
(mg)

Absolute 
Carbon (mgC)

TC Conc.
(%)

Average TC 
Conc.

(%)
CV (%)

15.7 0.2653 1.690

1.694 1.3015.2 0.2544 1.674

15.7 0.2694 1.717

30.2 0.5136 1.701

1.705 0.9430.4 0.5140 1.691

30.3 0.5218 1.722

Table 2  TC Analysis Results

Structural Evaluation of Carbon
Analysis Method
The LMFP surface was measured using the Raman measurement 
function of the AIRsight microscope. Preliminary investigations 
showed that higher laser intensities altered both the 
appearance and the Raman spectra before and after 
measurement. To minimize laser irradiation, the ND filter was 
set to 7.5 %, enabling acquisition of high-quality Raman spectra 
without sample damage. 
The detailed measurement conditions are shown in Table 3.

Instruments IRTracer-100, AIRsight

Accumulation 5 times

Exposure Time 25.0 sec

Objective Lens 100x

ND Filter 7.5 %

Excitation Wavelength 532 nm

Detector CCD

Table 3  Raman Measurement Conditions

Measurement Results
A representative Raman spectrum of the LMFP surface is shown 
in Fig. 4. Carbon materials exhibit a peak near 1580 cm-1, known 
as the G band, and a peak near 1340 cm-1, known as the D band. 
A strong D band indicates a high degree of structural defects. 
The intensity ratio of the D band to the G band (ID/IG) is used as 
an indicator of electrical conductivity and crystallinity. For 
reference, the ID/IG ratio is indicated in Fig. 4. The carbon coating 
was found to be not highly crystalline graphite, but rather to 
contain structural defects, as indicated by the D band.

Fig. 4  Raman Spectrum of the LMFP Surface
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Fig. 6  Raman Spectra of the LMFP Material and the LMFP Residue 
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Fig. 5  LMFP Residue after TC Analysis

Validation of the Carbon Results by Raman
To confirm that the carbon coating on the LMFP surface was 
completely reacted and quantified by the TOC solid sample 
measurement system, Raman measurements were also 
performed on the LMFP residue obtained after TC analysis 
(Fig. 5). Representative Raman spectra of the LMFP material and 
the LMFP residue after TC analysis are shown in Fig. 6.
As shown in Fig. 6, the peaks near 1580 cm-1 and 1340 cm-1 
disappeared for the LMFP residue after TC analysis. Since no 
Raman peaks derived from carbon were observed, it is inferred 
that only a negligible amount of carbon remained on the 
surface of the LMFP residue. Accordingly, the carbon present on 
the LMFP surface is considered to have reacted sufficiently and 
been appropriately quantified by the TOC solid sample 
measurement system.
In addition, a new peak near 1300 cm-1 was observed after TC 
analysis. This peak is presumed to originate from oxides formed 
during the high-temperature oxidation reaction.
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Conclusion
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Raman analysis of the LMFP residue after TC analysis was carried 
out to verify the validity of the carbon quantitation results.
The TOC solid sample measurement system (TOC-L + SSM-5000A) 
is capable of not only TC analysis in solid samples, but also of IC 
and TOC analysis. Furthermore, by simply changing the software 
settings, carbon analysis of liquid samples (TOC, TC, and IC) can 
also be performed using the TOC-L main unit. This system can 
also be applied to carbon analysis of water-extractable TOC in 
black mass, lithium extraction solutions, and lithium carbonate, all 
of which are relevant materials in lithium-ion battery recycling.
The AIRsight is capable of both Raman and infrared 
measurements. Therefore, in addition to the Raman 
measurements introduced here, it can be used, with a single 
microscope system, to evaluate degradation caused by charge 
and discharge cycles in various battery components, such as 
negative electrode materials and separators.
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The TC results of the carbon coating on the LMFP surface are 
presented in Table 2. Comparable TC values were obtained for 
sample quantities of 15 mg and 30 mg, and the coefficients of 
variation (CV) were less than 2.0 %, indicating good 
reproducibility.
In addition, if the absolute carbon content falls below the LOQ 
(0.1 mgC), the sample amount should be increased.
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appearance and the Raman spectra before and after 
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set to 7.5 %, enabling acquisition of high-quality Raman spectra 
without sample damage. 
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Measurement Results
A representative Raman spectrum of the LMFP surface is shown 
in Fig. 4. Carbon materials exhibit a peak near 1580 cm-1, known 
as the G band, and a peak near 1340 cm-1, known as the D band. 
A strong D band indicates a high degree of structural defects. 
The intensity ratio of the D band to the G band (ID/IG) is used as 
an indicator of electrical conductivity and crystallinity. For 
reference, the ID/IG ratio is indicated in Fig. 4. The carbon coating 
was found to be not highly crystalline graphite, but rather to 
contain structural defects, as indicated by the D band.
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Validation of the Carbon Results by Raman
To confirm that the carbon coating on the LMFP surface was 
completely reacted and quantified by the TOC solid sample 
measurement system, Raman measurements were also 
performed on the LMFP residue obtained after TC analysis 
(Fig. 5). Representative Raman spectra of the LMFP material and 
the LMFP residue after TC analysis are shown in Fig. 6.
As shown in Fig. 6, the peaks near 1580 cm-1 and 1340 cm-1 
disappeared for the LMFP residue after TC analysis. Since no 
Raman peaks derived from carbon were observed, it is inferred 
that only a negligible amount of carbon remained on the 
surface of the LMFP residue. Accordingly, the carbon present on 
the LMFP surface is considered to have reacted sufficiently and 
been appropriately quantified by the TOC solid sample 
measurement system.
In addition, a new peak near 1300 cm-1 was observed after TC 
analysis. This peak is presumed to originate from oxides formed 
during the high-temperature oxidation reaction.
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