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ABSTRACT

Graphite, whether natural or synthetic, is the most common 
material used for lithium-ion battery anodes. The type, purity, 
shape, and size of graphite particles will strongly influence 
battery performance and cycle life. Thermogravimetric analysis 
(TGA) can be used to measure decomposition of graphite and 
characterize it with regards to particle size, uniformity, and purity. 
Analysis of industrial graphite samples shows that decomposition 
temperatures are dependent on particle size. This work shows 
that in addition to understanding thermal properties of graphite, 
TGA can be used for quality control and to complement other 
techniques such as particle size analysis.  

INTRODUCTION 

Anodes in current lithium-ion batteries (LIB) are typically made by 
depositing graphite on a copper current collector. Both synthetic 
and natural graphite may be used, with synthetic being more 
expensive but providing higher purity and more predictable cycling 
behavior when compared to natural graphite. [1]. A graphite slurry 
is deposited onto copper foil and then dried, leaving behind a 
coating of graphite particles, binder, and other additives. The 
graphite particles will have a specific size distribution that can 
influence coating quality. The nature of this coating can impact 
performance characteristics of LIBs, such as capacity and cycle 
life [1] [2] [3]. Currently, particle sizes between 8 to 30 µm appear 
ideal as this leads to increased packing density, which in turn 
effects the volumetric capacity [1].

Thermogravimetric analysis (TGA) can be used to investigate 
the impact of particle size on degradation [4]. It has also been 
used to discriminate between various forms of graphite (graphite, 
graphene, and graphene oxide) and thus characterize the purity 
and uniformity of samples [5]. TGA is a thermal analysis technique 
that measures weight changes in a sample subjected to a heating 
program in a furnace. It is a straightforward and reliable analytical 
tool that is used in both quality control and research settings. One 
of the mechanisms of weight change is sample decomposition. 
Due to the kinetic nature of decomposition, the temperature at 
which weight changes occur is sensitive to numerous parameters 
including temperature ramp rate, sample mass, sample 
morphology, and particle size.

In this note, TGA will be performed on natural and synthetic 
graphite of various particle sizes. The analysis will provide 
information that would find value in quality control settings, such 
as batch consistency and impurities.

EXPERIMENTAL

Powdered graphite samples were obtained from NEI Corporation.  
Three samples of natural graphite, manufactured by a uniform 
process, were obtained, and are referred to as ‘NEI 01’, ‘NEI 02’, 
and ‘NEI 03’. One synthetic sample, referred to as “NEI Synthetic’, 
was also provided. NEI performed particle size analysis on each 
sample using a laser diffraction particle size analyzer from Microtrac 
MRB. Average particle sizes ranged from approximately 7.5 to  
25 µm and a typical particle size distribution (PSD) result is shown 
in Figure 1. The green curve represents the total percentage of 
the powder that would pass through a hypothetical sieve of mesh 
size indicated. The red histogram indicates what percentage of 
particles span a size that is the width of the histogram bar.

Figure 1. Example of a particle size distribution result for the NEI 03 natural 
graphite sample.

APPLICATION BENEFITS

•	 TGA decomposition temperatures are very sensitive to 
particle size thereby providing a complement and, in 
some cases, an enhancement to standard particle size 
distribution measurements.

•	 Structure in the TGA decomposition profile may indicate 
the presence of different types of graphite and/or 
impurities that may not be detected in standard particle 
size distribution measurements.

•	 TGA residue measurements provide an easy screening 
parameter for the presence of thermally inert inorganic 
impurities.
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TA Instruments Discovery 5500 was used to perform TGA 
experiments. TGA runs were performed in triplicate at 10 °C/
min from room temperature to 1000 °C in an air purge and  
100 µl platinum pans. Sample masses were approximately 20 mg 
and tightly controlled within 0.4%.

The tight sample mass control ensures that the cause of TGA 
curve shift is not due to any sample mass variation.  It also 
greatly enhances the run-to-run reproducibility for each individual 
sample, as shown in Figure 2. The single weight loss event 
captured in Figure 2 is due to the combustion of carbon in the 
air purge. All samples decomposed to zero percent weight in a 
single weight step with no residue, indicating uniformity and purity 
of the samples, respectively. Published work has shown how 
graphite, graphene, and graphene oxide decompose in different 
temperature regimes and with different numbers of weight loss 
events (for graphite oxide) and how this is important from a quality 
control perspective [5]. Similarly, the absolute stability of the 
weight signal shown in Figure 2 up to the onset of decomposition, 
and the absence of structure in the derivative signal (not shown), 
both support the conclusion of a uniform sample composition. 
Detection of any residue can be used as a measure of sample 
purity, a quality control parameter also of high importance to 
battery manufacturers.

Figure 2. Overlay of three separate TGA runs on NEI 03, showing excellent 
reproducibility. Inset shows a zoomed in view emphasizing the run-to-run 
reproducibility.

RESULTS AND DISCUSSION

Natural Graphite

An overlay of the PSD curves for the three NEI natural graphite 
samples is shown in Figure 3. There is significant overlap of the 
distributions, and the coarseness of the data makes it difficult to 
produce a clean separation of these three samples. 

Figure 3. Particle size data for each of the natural NEI graphite samples. A 
single point is used to represent each bar in the histogram to allow for a 
clear overlay of the data.

However, the measured D50 value, which is the median diameter 
or average particles size, in microns, is also contained in the 
particle size data report. Values of D50 for the samples are shown 
in Table 1, with Sample 02 being the smallest and Sample 03 being 
the largest.

Table 1. D50, median diameter, of NEI graphite samples

Figure 4 is a plot of the TGA results for the three NEI samples, 
with all samples decomposing to zero weight percent in a single 
step. In contrast to the measured particle size data, the measured 
TGA data shows a very clear separation between each sample.  
The TGA ordering of the samples agrees with the ordering from 
the PSD, with the smallest D50 sample decomposing at the 
lowest temperature and the larger D50 samples requiring higher 
temperatures to decompose. The TGA data thus supports the 
D50 values from the PSD. Complementary data such as this gives 
confidence that there are minor particle size differences between 
these three graphite samples.

Figure 4. Overlay of triplicate runs for each of the three NEI natural graphite 
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samples. The TGA decomposition data provides clear separation between 
these samples.

There are several ways to quantify the observed separation. 
A typical way in TGA is to plot the derivative of the weight loss 
curves versus temperature and measure the temperature of the 
peak maximum. A different way to assess the data is to measure 
the temperature at which a particular weight loss is attained. 
The data was analyzed in this way for two percentages: where 
the sample had lost 15% weight (T15), and where it had lost 50% 
weight (T50). The T15 analysis has been used by other researchers 
as a quantifiable data point on a TGA curve [4]. Figure 5 illustrates 
each of these measures for a decomposition curve.

Figure 5. Example data to illustrate measures of the derivative peak, and 

the T15 and T50 temperatures.

Tabulated results and statistics for all three analysis methods are 
presented in Table 2 for the data in Figure 4. It is seen from this 
data that both the T15 and the T50 analyses provide better statistical 
results than the derivative. The TGA data clearly show the impact 
of particle size on decomposition parameters, in agreement with 
results from other researchers [4] [5]. It also shows that very fine 
differences can be delineated between samples, with both the T15 
and T50 sample measures separated by more than two standard 
deviations.

Table 2. Summary statistical results for analysis of the NEI Natural graphite 
TGA curves by the derivative peak temperature, the 15% weight loss point 
and the 50% weight loss point.

Synthetic Graphite

The PSD data from the NEI synthetic sample as compared to NEI 
03 natural graphite is shown in Figure 6. The reported D50 value 
for the synthetic sample is shown in Table 3. The value is almost 
identical to that of NEI 03, which was 17.97. Other measures such 
as Mv, the mean diameter of the volume distribution, are also very 
close (20.33 µm versus 19.68 µm).

Figure 6. Particle size data histograms for the NEI synthetic graphite 
samples and the largest NEI natural graphite sample, NEI 03. The PSD 
curves overlay significantly.

Table 3. Comparison of D50 for NEI Synthetic and NEI 03 graphite samples

Despite the similar particle size, the TGA data shows a clear 
difference between these two samples, as shown in Figure 7. The 
corresponding derivative peak, T15 and T50 results are shown in 
Table 4. The shifts in decomposition temperatures, along with the 
excellent reproducibility of the data, indicate that TGA could be 
useful in characterizing different grades of graphite samples.
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Figure 7. Triplicate runs of TGA data for the NEI Synthetic and NEI Natural 
03 graphite samples.

Table 4. Summary statistical results for analysis of the NEI Synthetic 
graphite TGA curves by the derivative peak temperature, the 15% weight 
loss point and the 50% weight loss point.

Natural versus Synthetic Graphite

In addition to using TGA to complement or, in some cases, clarify, 
particle size data, it can also be used to examine correlations 
between PDS properties such as D50, and the T15 and T50 
temperatures [4]. Jiang et al. [4] and Farivar et al [5], plotted values 
of T15 and the derivative peak respectively versus average particle 
size. It is instructive to construct similar plots and compare trends 
between natural and synthetic samples.  

Figure 8. Plot of T15 versus D50 for the three natural samples (blue) and the 
one synthetic sample (red).
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Figure 8 shows a plot of the measured T15 versus D50 for the four 
samples discussed. It is important to note that a plot such as 
this would be associated only with a particular mass of sample, 
since changes in mass can shift the degradation temperature. 
The natural samples show a very linear relation to particle size as 
has been observed by other researchers [5], while the synthetic 
sample does not fit with the calculated trend line.

Morphological differences exist between natural and synthetic 
types of graphite [1], and morphology and crystalline structure 
may also be a parameter that impacts degradation temperature 
[6]. While not known with certainty, it would not be unexpected 
that sample morphology and/or crystalline structure underlies the 
observed synthetic offset. Large deviation from a linear relation 
between particle size and degradation temperature can highlight 
samples that require further scrutiny. When generated with 
care, these curves can be helpful tools for correlating graphite 
characteristics to electrochemical performance for battery 
applications.

CONCLUSIONS

Thermogravimetric measurements of both natural and synthetic 
graphite were performed. Measurements on natural graphite 
indicate that the weight loss data is sensitive to particle size, in 
agreement with previously published data. The derivative peak, 
the temperature at 15% (T15) weight loss, and at 50% (T50) weight 
loss all track with particle size. When combined, the TGA data can 
both complement and clarify particle size data. 

The synthetic sample was seen to degrade at a lower temperature 
than a natural one of very similar particle size. It also did not 
fit within the linear progression shown by the three natural 
samples, potentially due to morphology and crystalline structure.  
Natural and synthetic graphite have inherent differences in both 
morphology and crystalline structure obtained from their respective 
manufacturing processes. Particle size analysis may not be able 
to expose these differences. Thermogravimetric analyzers find 
use in both quality control and analytical research settings where 
powdered graphite is used, including the important field of battery 
research, providing information on sample uniformity and purity. 
It is a quick, reliable, and simple analytical technique for the 
characterization of graphitic materials.  
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