
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Gomez-Moreno, Luis Arturo; Klemettinen, Anna; Serna-Guerrero, Rodrigo
A simple methodology for the quantification of graphite in end-of-life lithium-ion batteries using
thermogravimetric analysis

Published in:
iScience

DOI:
10.1016/j.isci.2023.107782

Published: 20/10/2023

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Gomez-Moreno, L. A., Klemettinen, A., & Serna-Guerrero, R. (2023). A simple methodology for the quantification
of graphite in end-of-life lithium-ion batteries using thermogravimetric analysis. iScience, 26(10), Article 107782.
https://doi.org/10.1016/j.isci.2023.107782

https://doi.org/10.1016/j.isci.2023.107782
https://doi.org/10.1016/j.isci.2023.107782


iScience

Article

A simple methodology for the quantification of
graphite in end-of-life lithium-ion batteries using
thermogravimetric analysis

Luis Arturo

Gomez-Moreno,

Anna Klemettinen,

Rodrigo Serna-

Guerrero

rodrigo.serna@aalto.fi

Highlights
New method using TGA to

quantify graphite in Li-ion

battery waste

Linear correlation found

between mass change and

graphite content

TGA can be used to predict

type of cathode in black

mass samples

Gomez-Moreno et al., iScience
26, 107782
October 20, 2023 ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.107782

ll
OPEN ACCESS

mailto:rodrigo.serna@aalto.fi
https://doi.org/10.1016/j.isci.2023.107782
https://doi.org/10.1016/j.isci.2023.107782
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107782&domain=pdf


iScience

Article

A simple methodology for the quantification
of graphite in end-of-life lithium-ion batteries
using thermogravimetric analysis

Luis Arturo Gomez-Moreno,1 Anna Klemettinen,1 and Rodrigo Serna-Guerrero1,2,*

SUMMARY

A new method based on thermogravimetric analysis was developed to measure the graphite content in
battery material mixture. This approach exploits the thermochemical reduction of cathodic Li-transition
metal oxides with anodic graphite at elevated temperatures under an inert atmosphere. Using known
composition artificial mixtures, a linear correlation between cathode mass loss and sample graphite con-
tentwas observed. Themethodwas validated using industrial blackmass samples and characterized tradi-
tionally to estimate and rationalize potential error sources. Thermal degradation profiles of industrial bat-
tery waste reflected those in the artificial system, demonstrating its applicability. This work also
demonstrates that thermogravimetric degradation profiles can distinguish between a cathode consisting
of single or multiple Li-metal oxides. Although accuracy depends on active component mixture content
and impurities, it is demonstrated that the method is useful for a fast graphite content estimation. Unlike
other graphite characterization techniques, the method proposed is simple and inexpensive.

INTRODUCTION

With the upcoming transition to decarbonize energy systems, an increase in the demand of infrastructure for renewable energy and electric

vehicles is expected in the next years, requiring substantial quantities of rawmaterials.1–3 Li-ion batteries (LIBs) are energy storage devices that

are fundamental in these ongoing decarbonization efforts4,5 driving a growing need for raw materials such as Li, graphite, and Co.6 Conse-

quently, some of these materials are now categorized as ‘‘critical’’ by the European Union.7 This growing need for critical raw materials will

represent a challenge in the near future, and alternatives to their production from virgin sources is crucial. A circular economy (CE) approach

could help to increase resource efficiency and reduce waste by reintroducing end-of-life materials into the value chain.

However, the proper design of processes for LIB recycling demands a holistic CE perspective since they are associated with energy and

material losses. A major challenge in the recycling of LIBs is the vast number of materials contained in a single cell. Furthermore, the diversity

of applications for LIBs (e.g., electronics, power tools, electric vehicles, and medical tools) causes variations in the battery designs. This is

further complicated as new materials and battery chemistries are developed and commercialized without standardization. Consequently,

state-of-the-art (SoA) recycling processes recover only a few components considered economically valuable, thus not fulfilling the goals of

the CE.8 Independently of the type of cell (pouch, cylindrical, or coin), batteries contains threemain components: two electrodes and an elec-

trolyte. In an LIB, the positive electrode (cathode) is commonly a layered or spinel Li-metal oxide (LMO) or a polyanion oxide with one or mul-

tiple alkali and two or more transition metals, i.e., LiFePO4 (LFP).9 Currently, a wide variety of different cathode chemistries are found in

commercially available LIBs, each with a specific set of properties (e.g., specific energy, power, performance, safety, lifespan) that further com-

plicates their recycling. The cathode particles are attached to Al foil as a current collector, typically using a filler to improve electrical conduc-

tivity and a polymeric binder that glues all these components together. The electrolyte is usually a Li salt dissolved in an organic solvent.

Finally, the negative electrode (anode) typically uses graphite particles immobilized on Cu foils used as current collector. LIB cells also require

additional components such as separators, casing, and other plastics. The chemical composition of batteries plays a key role in determining

how they are recycled, as different chemistries and elements may require different conditions to extract the valuable materials.10–12 It is thus

fundamental to correctly identify the composition of materials produced throughout the recycling processes for their control and optimiza-

tion. The composition of metals such as Co, Ni, Mn, Cu, and Al in the battery waste streams are relatively easy to quantify. The use of tech-

niques such as X-ray diffraction (XRD), inductively coupled plasma (ICP) spectroscopy, scanning electron microscopy (SEM), and energy-

dispersive X-ray spectroscopy (EDS) for battery waste characterization can be found in the published literature for such purpose.13–15

To better address the goals of the CE and the forecasted increase in rawmaterial demands, the recovery of graphite from LIBs has recently

caught the attention of scientist and practitioners.15–21 However, carbon-containing species represent a special case for characterization, as
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the distinction between total organic carbon (TOC), total inorganic carbon (TIC), and elemental carbon (EC) is not trivial. In the existing liter-

ature on characterization of LIB active components mixture, i.e., the so-called ‘‘black mass (BM)’’, graphite anode content is not usually quan-

tified but rather total carbon (TC) is reported, including TIC and TOC. Various forms of carbon can be found in the battery waste as part of its

composition or as impurities of the raw materials used in their production. Due to its relevance in various industries and fields, there are mul-

tiple methods available for the characterization of carbon-containing species. Some common techniques include Raman spectroscopy,16

Fourier transform infrared (FTIR) spectroscopy,22 combustion analysis,23 and X-ray photoelectron spectroscopy (XPS).24 Although techniques

such as ICP spectroscopy24 and thermogravimetric analysis (TGA)25 are not specifically designed tomeasure carbon-containing species, they

can be used to infer the carbon content of a sample. Themost commonmethod tomeasure TC is combustion analysis in which the carbon in a

sample reacts with pure oxygen gas while the CO2 and CO products are monitored with infrared absorption spectroscopy to determine the

carbon content.26 Additionally, gas chromatography and thermal conductivity detectors after combustion can be used to obtain a precise

calculation of carbon and other elements such as hydrogen and sulfur.27 Nevertheless, thesemethods do not discriminate between the forms

of carbon present in the sample and thus require sample preparation methods that are currently expensive, time consuming, and potentially

hazardous.26 For example, a typical sample preparationmethod consists of leaching thematerial with HCl to remove carbonates, followed by

heating at 530�C to eliminate TOC.28 The remaining sample is expected to have only EC in the form of graphite. The sample is then placed

into a combustion furnace and purged with an inert gas to remove air. Pure O2 is used as the combustion agent, and the sample is heated,

causing the graphitic carbon to oxidize to CO2. The CO2 is collected for analysis using an infrared detector or gas chromatography and quan-

tified to relate it to the graphitic carbon content using the stoichiometry of the reaction.28 It should be noted that these degradation-based

techniques were not developed considered the potential reactivity between graphite and LMOs as found in the BM.

Some techniques capable of differentiating the atomic structure and energy spectrum between amorphous carbon and graphite can be

used to distinguish between graphitic carbon and other carbon species, including XRD, Raman spectroscopy, SEM, and transmission electron

microscopy. Semi-quantitative analysis can also be performedwith electronmicroscopy based on themorphology and structure of the carbon

species.29–31 These techniques offer different advantages in terms of accuracy, speed, and cost and can be used in combination to obtain a

more comprehensive characterization of the sample. Following these procedures, the quantification of graphite in battery waste is inexact

and difficult. In LIB recycling processes, a simple graphite characterization is needed since it affects the efficiency of operations such as flota-

tion,17 pyrometallurgy,32 or hydrometallurgy.33

The present work proposes a simple and fast methodology to estimate the graphite content in BM samples using TGA supported by

evolved gas analysis (TGA-EGA). The method is based on the premise that cathode compounds in BM can be reduced to elemental metals

at high temperatures in the presence of a suitable reducing agent. In an inert atmosphere, amass loss detectedby TGAwill thus be associated

with the release of CO and CO2 that is correlated to the graphite content. This idea is in direct contrast to previously published studies using

TGA under flowing air,34–36 where uncontrolled combustion reactions take place, making it difficult to correlate mass changes with the BM

composition. To develop the novel approach hereby proposed, TGA-EGA results were performed on artificial mixtures of graphite and cath-

ode materials, i.e., Li(Ni0.33Mn0.33Co0.33)O2 (NMC) or LiCoO2 (LCO) at known compositions to produce standardized correlation functions.

The obtained results are finally validated in the analysis of industrially produced BM samples of unknown composition, demonstrating its

applicability in real-life context.

RESULTS AND DISCUSSION

Thermal characterization of artificial BM

The TGA-EGA decomposition profile of an exemplary artificial BM (1:1 graphite to NMC ratio) is shown in Figure 1A. As seen, the thermal

decomposition presented three characteristic regions. During the first region, there was no visible mass loss below 684�C. The second region

has a distinctive shapewith three different steps of mass loss. The first mass loss was associated with ion current valuesm/z = 12, 16, and 44, all

characteristic of CO2.
37 This is followed by a strong signal of CO evolution (m/z = 28) along with a minor release of CO2. The third region

presents a comparatively slower mass loss up to ca. 900�C, and only CO evolution was detected in a meaningful quantity. Since the thermal

decomposition occurred under an inert environment, the mass loss can only be explained as a result of the chemical reduction of the cathode

materials by graphite. According to the work by Babanejad et al.,38 three types of reactions occur during this thermal reduction:

LiðNi0:33Mn0:33Co0:33O2 + 1:6C / 0:33Ni + 0:33Mn + 0:33Co + Li + 1:2CO + 0:4CO2 (Equation 1)

LiðNi0:33Mn0:33Co0:33O2 + 1:2C / 0:33Ni + 0:33Mn + 0:33Co + 0:5Li2O + 0:9CO + 0:3CO2 (Equation 2)

LiðNi0:33Mn0:33Co0:33O2 + 0:9C / 0:33Ni + 0:33MnO + 0:33Co + 0:5Li2O + 0:7CO + 0:2CO2 (Equation 3)

The reduction of Ni and Co from NMC with graphite is theoretically possible starting at 440�C and 500�C, respectively (See Figure S13 in

supplementary information). Mn reduction is more difficult due to its standard Gibbs free energy of formation (-D G�) making its oxide form

relatively stable.39 However, it can be reduced with C at higher temperatures (>550�C). Theoretically, Li2O is the most difficult oxide phase in

NMC to reduce, as it has the lowest Gibbs energy from the oxides present.40 Under the conditions used in this study, only Ni, Co, andMn are

reduced while Li likely remained in its oxide form. This allows the proposal of an overall chemical reaction (Equation 4) that is compatible with

the TGA profile in Figure 1A. The thermal decomposition begins at 450�C with Ni and is followed by Co at 500�C and finally Mn at 800�C,
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corresponding well with the three decomposition steps in Region II. The final isothermal phase shows a minor, although continuous, mass

loss. Although no more CO or CO2 ion current signals were observed beyond this temperature, it is possible that further reduction of Mn

is occurring. Admittedly, the extent of Mn reduction is uncertain, but, for the sake of simplicity, we can assume that all transition metals

are reduced and equimolar amounts of CO and CO2 are produced, following Equation 4:

LiðNi0:33Co0:33Mn0:33ÞO2 + C / 0:5CO2 + 0:5CO + 0:33Ni + 0:33Mn + 0:33 Co+ 0:5Li2O (Equation 4)

Stoichiometrically, this would require an equal number of moles of cathode and graphite species, resulting in amaximum theoretical mass

loss of 40.6 wt. % of the total mixture based on the reaction involving 1 mol of NMC and 1 mol of graphite. For the LCO cathode, the value is

40.1 wt. % of the total mixture, as both cathodes have similar molecular weight.

A similar behavior occurs in the presence of LCO cathode, as shown in Figure 1B. The LCO-containing artificial BM initially experiences a

minor mass loss below 550�C, attributed to impurities in the reagents. The reduction reaction starts at 683�C, a similar temperature as in the

NMC cathode. Themain difference when compared to NMC is the profile of themass loss curve. In LCO, themass loss occurs in a single step,

with a final inflection point at 938�C. This difference in behavior is likely due to the multiple metals in NMC as opposed to LCO, which only

contains Li and Co. Additionally, with both cathode materials, CO2 is released first, followed by CO. The reduction of the LCO cathode has

been reportedpreviously by various other authors41–45 under different temperature and atmospheric conditions. The proposedmechanism of

thermal reduction for LCO-containing BM based on TGA-EGA results is shown in Equation 5.

LiCoO2 + C /Co + 0:5Li2O + 0:5CO2 + 0:5CO (Equation 5)

As seen in Figure 1, with both NMC and LCO mixtures containing 50% graphite, the mass change attributed to cathode reduction was

approximately 25%. This is likely because in both cathode materials the relation between reducible metals (i.e., Ni, Mn, and Co for NMC;

Co for LCO) and oxygen is similar: 0.59 for NMC and 0.6 for LCO. Under an inert environment, the oxidation of graphite and subsequent

reduction of metallic species depend on the amount of O available from the cathode compound.

Figure 1. TGA-EGA of artificial black mass with 50 wt

(A and B) % graphite and 50 wt. % NMC (A) and 50 wt. % graphite and 50 wt. % LCO (B).
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The NMC-graphite chemical reaction in Equation 4 occurs at a higher temperature than the melting point of the pure metallic species

contained in the cathode.46 It is thus likely that an alloy of such metals is formed after the thermal treatment. This was confirmed by the

SEM-EDS analysis of the TGAproducts from the artificial BM sample, shown in Figure 2B. The SEM image also shows that the BM components

have lost their original morphology, as shown in Figure 2A which depicts the sample prior to undergoing thermal treatment, where graphite

and NMC show their original morphology. However, three distinct phases are still recognizable: a metallic alloy; residual graphite; and an

undefined continuous phase with a high O2 content. The EDS elemental analysis corroborated that the alloy is composed of Ni, Co, and

Mn. In the case of NMC, the high O2 compound did not appear to be associated with either transition metals or graphite, suggesting it is

some form of Li oxide (e.g., Li2O). The topology of the material indicates that particles have melted and then resolidified, as the cathode par-

ticles lost their spheroidal shape. Unexpectedly, graphite also lost its individual particulate form, appearing as a continuous phase,mixedwith

the Li oxide and the metal alloy. In contrast to NMC, LCO has a melting point of 1,100�C,46 and so, any chemical reactions occur only in the

solid phase. Figure 2C shows an artificial BM sample using an LCO cathode. Initially, the LCO cathode exhibits morphology similar to NMC,

with a spheroidal shape. As observed in Figure 2D, the changes in morphology for LCO after thermal treatment suggest that the cathode

material experienced a series of complex transformations. The new morphology appears to be formed by an inner layer of metallic Co sur-

rounded by an intermediate phase where oxygen and carbon overlap, suggesting the presence of Li2CO3 species. Indeed, Li2CO3 has been

identified by other authors38 as an intermediate species during the reduction of cathode materials.

Graphite estimation methodology using TGA-EGA analysis

Once the reaction mechanisms of cathode and graphite were established, a series of TGA experiments were carried out on artificial BM sam-

ples with known composition. Figure 3A shows degradation curves for NMC at various graphite/cathode ratios. Pure graphite remains intact

with only 1%mass loss, likely due to impurities. The same occurs for pure NMC: as no graphite is available to react with, only a mass loss of 2%

at elevated temperature (>1000�C) was measured, which may be related to impurities. All degradation curves produced have a similar

Figure 2. Detailed imaging and elemental mapping (EDS mode) of artificial BM

(A) Bulk BMwith 50 wt. % graphite and 50 wt. %NMC, (B) BMwith 50 wt. % graphite and 50 wt. %NMC after thermal treatment at tube furnace, (C) bulk BMwith 50

wt. % graphite and 50 wt. % LCO, and (D) BM with 50 wt. % graphite and 50 wt. % LCO after thermal treatment at tube furnace.
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behavior to the one presented in Figure 1A. Invariably, reduction begins at 688�C G 15�C, showing the highest mass loss at 773�C G 38�C.
Then a final step occurs that finishes at 1,000�C after 15 min of the start of the isothermal phase. Starting with the 95% graphite sample, the

mass losses are minimal but clearly increasing as the concentration of NMC increases. This behavior is consistent until graphite concentration

decreases down to 10 wt. %. At this concentration, the mass change is reduced, comparable to that at 20% graphite. For the artificial BM

containing just 5% of graphite, there is also a smaller mass loss, comparable to the 80% graphite sample. This is a reasonable behavior of

the system since the theoretical graphite/NMC ratio needed for the reduction reaction to occur is 0.11 (10 wt. % graphite). Mass loss increases

as more O2 from the NMC is available to react with graphite. Nonetheless, once the molar ratio decreases under 0.11, the mass change per-

centage decreases, as graphite becomes the limiting reagent in the chemical reaction. This is an important phenomenon to identify since it

sets the limits of graphite that can be estimated with this method.

The mass changes of LCO-standardized curves are analogous to those observed with NMC (Figure 3B). The reduction starts at 686�C G

3�C. As inNMC, themass loss increases as the concentration of graphite decreases, at least down to 20%. Although the temperatures at which

mass loss was observed were the same, the thermoreduction rate was faster with LCO than in NMC. As mentioned earlier, the shape of LCO-

containing artificial BMpresents a single degradation step, unlike the various stages observedwith NMC. This is an important outcome of this

study since it shows that the distinction between TGA mass loss curves can also provide information about the dominant chemistry of the

cathode particles.

The results with both artificial BMs show that, based on the chemical reduction of the cathode, themass change can be correlated with the

graphite content in the BM. To do this, only the mass change percentage starting from 685�C to the end of the experiment is considered, as

this is the one associated with the chemical reaction of graphite. As a result, the graphite content can be expressed as a function of the mass

change (Equation 6).

ya = f
�
xb
�

(Equation 6)

where ya is the graphite content in fraction basis and xb is the mass change measured by TGA also in fraction basis. Hence, when every mass

change is evaluated in both cathode standard curves, a linear correlation is obtained as Figure 4 shows.

The exact mass loss for each graphite concentration obtained from the TGA can be consulted in Figures S2–S13 of the supplementary

information. As seen in Figure 4, there is a linear correlation between the mass losses during thermal degradation and graphite content in

both artificial BMs. Interestingly, the correlation obtained with both artificial BMs is similar within experimental error, suggesting that thermal

Figure 3. TGA of artificial black mass with different graphite compositions using

(A) NMC and (B) LCO.
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degradation is more dependent on graphite content than on the cathode chemistry. The resulting Equations 7 and 8 can be used to estimate

the graphite content based on the mass change that a sample suffers in a TGA under inert gas flow.

yNMC = 1 � 2:24xNMC (Equation 7)

yLCO = 1 � 2:28xLCO (Equation 8)

where "y’’ represents the fractional content of graphite and ‘‘x’’ represents the fractionalmass change in the chemical reaction between the

graphite and the cathode obtained from TGA.

Characterization of industrial BM

To validate themethodology hereby proposed, five different samples of industrially producedBMwere analyzed. Industrial BM likely deviates

from the ideal behavior presented in the previous section, as it contains a myriad of impurities such as Cu, Al, polymers, and organic sol-

vents.13,14 This likely affects the TGA-EGA characterization results since these impurities may promote additional chemical reactions. For

example, Al acts as a reductant of most metal oxides in the battery since it has a strong tendency to oxidize, due to its low free Gibbs energy

of formation. Indeed, Al is used as a reductant in industrial pyrometallurgical processes.47 The composition of the industrial BM studied in this

work is presented in Figure 5.

All industrial BM samples were analyzed using TGA, and Sample D is presented to illustrate the results, as shown in Figure 6. The various

degradation stages observed with this sample were also present in all other industrial BMs analyzed in this work (see supplementary infor-

mation). The first derivative of the TGA was plotted to help identify the most relevant mass changes, showing maxima at 112�C, 236�C,
448�C, and 800�C. Mass spectroscopy (MS) was used to identify characteristic gas products evolving at each of these main degradation tem-

peratures, as detailed in Table S1 of supplementary information. The twomain gas components produced in the first stage of thermal decom-

position (80�C–120�C) are water (m/z = 18) and ethylene carbonate (EC; m/z = 14, 29, 43, and 88), a solvent for the electrolyte of LIBs.48 This

first stage resulted in a 4%mass loss. The presence of organic solvents indicates that the BM samples have not previously undergone thermal

treatment.

The second stage of thermal degradation was centered at 236�C and resulted in a mass loss of ca. 2%. At this temperature, MS detected

the production of water, traces of EC, other organic species such as diethyl carbonate (DEC), polycarbonate (PC) (See Table S1 in supplemen-

tary information for detailed information ofm/z current ions), and phosphoryl fluoride (POF3) (m/z = 48, 64, and 86). POF3 is a knownproduct of

the chemical reaction between LiPF6 and H2O (Equation 9)49:

LiPF6 + H2O / LiF + POF3 + 2HF (Equation 9)

The reaction products between LiPF6 and water at this temperature include LiF, POF3, and HF. From a safety perspective, POF3 andHF are

of special interest since they are hazardous and corrosive.49 Thus, it is advised to consider these reactions whenever thermal processing of

battery waste is planned.

Figure 4. Graphite content linear correlation to mass loss in NMC and LCO artificial black mass, adjusted to 100% intercept.
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In the following stage of mass loss, centered at 450�C, water evolution was still found, along with O2 (m/z = 16 and 32) and CO2 (m/z = 44).

Comparatively weaker signals that correspond to trace amounts of polyvinylidene fluoride (PVDF) decomposition products and organic sol-

vents such as dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and N-methyl pyrrolidone (NMP) were identified. From industrial BM

characterizations previously published by other authors, the total mass of active particles typically corresponds to 70%–90% of the total

weight.13,15,17,50 This is confirmed by the results of this work where the impurities are estimated to be ca. 10% of the total sample mass.

At the last stage of degradation, a significant mass loss was observed, beginning at ca. 680�C and occurring rapidly in several distinct

steps. This multiple-stage thermal degradation of graphite resembles the behavior observed in NMC-containing artificial BM discussed in

the previous section. The equimolar composition of Co, Ni, and Mn from the elemental analysis presented in Figure 6 corroborates that

NMC is likely the cathode chemistry in these samples. This corroborates that TGA can also help to identify the dominant cathode species

in an unknown BM sample. At this temperature, the MS spectrum did not identify any more water, and the main species produced were

CO (m/z = 28) and CO2 (m/z = 44). These signals coincide with those observed with the artificial BMs during the cathode reduction stage.

As explained in the previous section, this is the stage used to estimate graphite content since the other mass losses correspond to thermal

degradation of impurities. Finally, after the chemical reduction of cathode particles with graphite, themass loss continues at a slower rate until

reaching a plateau. It is possible that this corresponds to residual Mn that slowly reduces at high temperatures until the isothermal phase

ends. As seen, there are differences between artificial BM and industrial BM samples due to the impurities found in the latter that need to

be considered when quantifying graphite content from TGA results. Figure 7 compiles the TGAmass degradation profiles of the five different

industrial BM samples. Each sample presents the same five distinctive stages, based on the identified in the analysis of sample D (shown in

Figure 5). The exact detailed gas analysis, temperatures, and derivative thermogravimetry can be found in Table S1 of the supplementary

information.

Stage I invariably corresponds to the evaporation and decomposition of moisture, electrolytes, and other volatile organics such as DEC,

dimethyl carbonate, and ethyl methyl carbonate. Stage II results from the decomposition of Li salt into H3PO4 and HF and from the thermal

decomposition of polymers. Stage III corresponds to the decomposition of the binder in the cathode, along with polymer traces. Stage IV

corresponds to the cathode reductionwith graphite. The final Stage V is the isothermal phase, wheremass loss is significantly small and occurs

at a slow rate. For the estimation of graphite, only Stages IV and V should be considered, as these are the only regions of significance accord-

ing to the analysis performed with artificial BM. Figure 8 shows the results of the estimation of the graphite content according to the method

hereby proposed. Detailed values obtained from each sample are shown in Table S2 of supplementary information.

Following the reduction profiles shown in Figure 7, samples A, B, andC are considered to havemainly LCO cathode, an assumption further

supported by their high Co content (Figure 5), although it is possible that other cathode chemistries are present in a lower proportion. In

contrast, samples D and E exhibit three distinctive degradation profiles indicating an NMC cathode composition. Regarding the calculated

graphite content in samples A and B, it is remarkably close with their measured carbon content. The first potential source of error is that the

carbon analysis performed by CRS laboratories considered all carbon-containing species and not only graphitic carbon. In addition, metallic

Cu was identified in all industrial BM samples. The presence of Cu in the industrial BM is significant because it represents an unreacted re-

sidual mass, thus affecting the relativemass loss attributed to the reaction between the cathode and graphite. This can introduce a significant

Figure 5. Elemental composition of Industrial BM samples.
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source of error in samples with high concentration of puremetals such as samples C, D, and E. In an analogousmanner, Fe, Zn, and Pwhich are

part of the ‘‘others’’ species in Figure 5 might influence the graphite estimation. Therefore, the mass losses were adjusted to consider the

presence of impurities that influence the calculation, normalizing the mass content of active components by subtracting impurities from

the totalmass of the sample. For samples A and B, these corrections increase the error to 13%. However, for samples C, D, and E the corrected

graphite content values are closer to the carbon content, and the estimated error is more consistent throughout all samples, representing a

systematic error of the methodology. Nevertheless, further explanations are needed to understand the deviations in samples C and D. These

samples report a significant content of Al, likely from the current collector foils in a battery cell. It is well known that Al is readily oxidized,

generating species that are chemically stable even at elevated temperatures.47 For industrial BMs with a high Al content (e.g., Sample D)

the graphite estimationmay be affected sinceAl reacts competitively with graphite, but producing solid oxides that remain in the BMmixture.

The presence of Al presents a significant challenge. One approach to mitigate the associated errors in future work is to generate new artificial

BM mixtures, but with varying concentrations of elemental Al. This should enable the identification of mass changes resulting from the inter-

action between active particles and Al by comparing the curves of the active particles and graphite. At the same time, carbon black which is

also present in cathodematerials as a conductive additive in small quantities (10 wt. %)51 can also act as a reducing agent. As it has been shown

in Fe oxides, carbon black has a strong reducing power, even better than graphite or other carbon materials.52 Furthermore, by introducing

Figure 6. TGA-derivative thermogravimetry (DTG) of sample D industrial black mass (B), MS at first DTG peak (110.7�C) (i), at second DTG peak

(236.4�C) (ii), at third DTG peak (448.6�C) (iii), and at fourth DTG peak (801.7�C) (iv).
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other elements like Cu, Fe, and organic compounds such as PVDF, the same effects can be observed on the curves. This study is a potential

avenue for future research.

As seen, industrial BM graphite characterization is possible with TGA, provided that the impurities in the battery active materials mixture

are properly accounted for. Unreactive metals such as Cu and competitive reducing agents such as Al influence the total mass losses. None-

theless, themethodology presented here is simple and inexpensive, does not require any intensive sample preparation, and provides a quick

estimation of graphite content with a low margin of error. Additionally, it can aid in identifying the dominant cathode chemistry in industrial

BM that may impact subsequent separation and recovery strategies.

Conclusion

A simple and inexpensive method to quantify graphite using TGA was developed by exploiting the reducing potential of graphite when

mixed with LMOs. It was demonstrated that the thermal reduction reaction between the cathode and graphite at 650�C–1,000�C under inert

atmosphere showed a mass loss linearly correlated with graphite content. NMC and LCO showed similar degradation profiles due to their

comparable reducible metal content. Standardized curves for artificial BM containing NMC and LCO produced two consistent equations to

quantify graphite content. The method developed is limited to a minimum of 20% graphite composition to prevent it from becoming the

limiting reagent. Admittedly, some accuracy of the method is lost with industrial BM due to the presence of cathode chemistries and other

components. To quantify graphite in industrial BM, we suggest the following methodology.

1. Conduct TGA on the sample under the conditions described in the STAR methods section.

2. Compare the resultingmass change curve with standardized curves for LCO andNMC cathode chemistries (Figure 3) to determine the

type of chemistry present.

3. Account for the mass losses due to volatile and organic impurities up to 650�C.
4. Estimate the relative mass degradation in the high-temperature region corresponding to the reduction of cathode materials and the

evolution of CO and CO2, up to 1,000�C
5. Calculate the fraction of graphite present in the sample using either Equations 7 or 8 depending on the type of cathode.

Although there are limitations to the minimumquantity of graphite that can be accurately quantified using this method, the consistency of

the observed error suggests that it can be further studied andpotentially improved. Future researchmay focus on the effect of impurities, such

as carbon black, AI, Cu, or other metals, optimizing themethodology to increase the sensitivity and reduce the minimum detectable quantity

of graphite, while also identifying factors that may influence the accuracy and precision of the measurements. Additionally, since other cath-

odematerials, such as LFP, LMO, and lithium titanate, may exhibit different reduction behaviors, new standardized curves must be defined to

ensure accurate graphite estimation. Nonetheless, the proposed method still holds promise as a fast and simple approach for estimating

graphite content with samples with more than 20 wt. % graphite and for comparing relative changes in graphite content between different

battery waste samples.

Limitations of the study

The methodology presented in this study offers a quick and straightforward approach to characterize graphite using TGA in industrial BM.

Nonetheless, it is important to acknowledge that the influence of impurities such as conductive additives, current collectors, plastics, and

other components requires further investigation to reduce potential error and increase the overall accuracy.

Figure 7. TGA of different industrial black mass samples.
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RESOURCE AVAILABILITY

Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Rodrigo Serna (rodrigo.serna@aalto.fi).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Materials

Two sets of artificial black mass samples were prepared by weighting 5 g of each sample in a Radwag PS1000R scale according to the

following ratios. The first set was prepared with compositions of 0, 5, 10, 20, 40, 50, 60, 80, 90, 95 and 100 wt. % NMC, the rest being graphite.

The second set was prepared with compositions of 0, 20, 50, 80 and 100 wt. % LCOmixed with graphite. The reagents weremanually mixed in

a plastic container using a metal spatula until visual homogeneity was achieved. Subsequently, manual agitation was performed for 3 min.

Industrial black mass samples (‘‘A’’, ‘‘B’’, ‘‘C’’, ‘‘D’’, and ‘‘E’’) were obtained from a local battery recycling facility with unknown cathode chem-

istries and without specification regarding pre-processing conditions. The compositional analysis of ‘‘A, ‘‘B’’, and ‘‘C’’ black mass samples

were commissioned to an external laboratory. CRS Laboratories conducted elemental analysis via four acid digestion, multielement analysis

with ICP-OES, and combustion analysis for TC using a Leco analyzer. Samples D and E were analyzed with portable X-ray fluorescence ma-

chine (Oxford Instruments, X-MET 5000).

Thermogravimetric analysis

TGA-EGA was conducted in a Netzsch STA 449 coupled with a quadrupole mass spectrometer (QMS 403 Aëolos Quadro) for evolved gas

analysis. Samples of 25 G 5 mg were loaded on an alumina crucible under a He atmosphere (99.99%, Linde) with a 70 mL/min flow. It is

important to remark that He needs to be used as an inert atmosphere. In preliminary tests using N2 gas (not presented here), MS ion signals

in m/z = 28 and 14 were detected, which overlap with those of CO (m/z = 28), an important molecule to monitor.37 The TGAwas programmed

to heat the sample at a rate of 10 �C/min up to 1000�C followed by isothermal stabilization for 60 min. It is worth mentioning that at temper-

atures >1100�C, a reaction between the cathode particles and the alumina crucible occurs and it is recommended to avoid exceeding 1000�C
(See Figure S1 in supplemental information).

Morphological characterization

Thermal treatment experiments with a larger mass than that of TGA were performed in a Tube Furnace (Lenton LFT15/450) and the materials

were characterized using a TescanMira 3 scanning electronmicroscope with anOxford energy dispersive X-ray Spectroscopy (EDS) detector.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Li(Ni0.33Mn0.33Co0.33)O2 (NMC) MSE Supplies CAS: 346417-97-8

LiCoO2 (LCO) MSE Supplies CAS: 12190-79-3

Spherical graphite Prographite CAS: 7782-42-5

He (99.99%) Linde CAS: 7440-59-7

N2 (99.99%) Linde CAS: 7727-37-9

Software and algorithms

Origin 2023 OriginLab https://originlab.com

Proteus Analysis NETZSCH https://analyzing-testing.netzsch.com/en/products/software/proteus
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For this analysis, 1 g sample of artificial BM containing a 1:1 mixture of NMC and graphite was used. In this case, N2 was used as an inert at-

mosphere under a heating rate of 5�C/min. While the thermal treatment conditions in this characterization differed from those used in TGA,

the use of N2 as an inert atmosphere and a slower heating rate are unlikely to significantly impact the morphological characterization results.

Furthermore, the same dynamic and isothermal phases were conducted on the sample, i.e., heating up to 1000�C followed by a thermal sta-

bilization phase for 60 min. To facilitate mounting, a carbon-coated tape was placed on an SEM stub, onto which the sample powder was

manually adhered. Any excessmaterial was then removed using compressed air. The samples were not sputter-coated as the sample powder

contains graphite that is naturally conductive. The carbon-coated tape was only used for facilitating the mounting process, allowing the sam-

ple powder to be adhered to the SEM stub efficiently. The SEM stub, now containing the powder sample, was subsequently loaded for anal-

ysis. For imaging purposes, the SEM imaging parameters were configured with an accelerating voltage of 15 kV and two distinct magnifica-

tions (1.2 kX and 3.5 kX), utilizing the secondary electron detector (SED) and back-scattered electron (BSE) for Figures 2A–2D respectively.
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