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Abstract: This study introduces an efficient and scalable method for the top-down exfolia-
tion of graphite into graphite nanoplatelets (GNPs) using polyketones (PKs) functionalized
with Diels–Alder (DA) active groups. Leveraging the reversible covalent interactions facili-
tated by furan and thiophene moieties in PK, combined with melt-mixing and shear force,
this process achieves significant exfoliation while preserving the structural integrity of the
resulting material. Thermal and rheological analyses demonstrate enhanced interfacial
adhesion and stability within polymer composites attributed to the DA-driven interac-
tions between functionalized PK and graphite. Comparative evaluations demonstrate
that furan-functionalized PK exhibits superior exfoliation efficiency, highlighting its poten-
tial for producing high-quality exfoliated graphite suitable for advanced nanocomposite
applications that require enhanced thermal, mechanical, and electrical properties. This
method seamlessly integrates sustainability with industrial scalability, offering significant
advancements in developing GNP-based materials.

Keywords: polyketone; Paal–Knorr reaction; graphite; Diels–Alder reaction; polymer
intercalation; exfoliation; graphite nanoplates; nanocomposite

1. Introduction
Graphene is a single layer of carbon atoms arranged in a honeycomb lattice. It has

gained significant attention due to its exceptional properties, including a high surface area of
2418 m2/g and remarkable strength, which surpasses those of diamond and steel. Addition-
ally, graphene demonstrates superior electrical conductivity of 1.4 × 106 S/cm and thermal
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conductivity of 5000 W/m·K. These characteristics make them ideal for various applica-
tions, including supercapacitors, antibacterial scaffolds, and transparent electronics [1–7].
The performance of graphene in various applications is influenced by its manufacturing
method, which can be categorized as either bottom-up or top-down. Bottom-up techniques,
such as chemical vapor deposition (CVD), involve constructing graphene from smaller
molecular components. In contrast, top-down methods, like exfoliation, produce graphene
by breaking down bulk graphite [8–13].

Graphite, a precursor of graphene, consists of stacked carbon layers connected by
van der Waals forces [14–16]. Graphite can be exfoliated into graphene through various
techniques, including liquid-phase exfoliation (LPE), electrochemical exfoliation, and me-
chanical forces [17–25]. The crystal borders of graphite influence the types and quantities of
defects that occur during exfoliation, which can impact the conductivity of graphene [26–28].
Additionally, graphite can act as a diene and a dienophile in Diels–Alder (DA) reactions,
allowing graphite intercalation with organic molecules and then enhancing the exfoliation
process. This reactivity enables the reversible formation of covalent DA bonds, which can
be used to optimize exfoliation techniques [29–31]. Moreover, polymers such as polypropy-
lene and polystyrene can intercalate graphite, facilitating graphite exfoliation into graphene
materials and improving graphene-polymer composites for large-scale production [32–41].

Recent studies have explored methods for intercalating graphite with DA-functionalized
polymers to enhance the compatibility and properties of graphene. For instance, DA-modified
graphite has been demonstrated to enhance the thermal conductivity and provide good
dispersion within polymer matrices [42–46]. Optimizing the DA-functional group density and
processing conditions is essential for enhancing the intercalation and exfoliation efficiency,
ensuring the production of high-quality graphene derivatives for industrial applications [47].

In a previous investigation, we achieved a high level of multi-walled carbon nanotube
(MWCNT) exfoliation using polyketone (PK) functionalized with aromatic and hydroxyl
pendant groups [48,49]. The resulting nanocomposites demonstrated an effective percola-
tive network at low MWCNTs wt.% loading and a highly stable electrical response after
several heating and cooling cycles. Similarly, PK was functionalized with diene furan
groups, allowing the exfoliation of MWCNTs through reversible covalent interactions
via Diels–Alder chemistry [47]. Moreover, PK functionalized with amide and carboxylic
groups [50] and furan groups [51] were used to exfoliate RGO using supramolecular and
the Diels–Alder reactions, respectively. However, the exfoliation of RGO was not successful.
Given the mixed results presented by the authors, this research focuses on a comprehensive
investigation of the exfoliation of graphite to generate graphene derivatives by employing
the melt-mixing exfoliation method assisted by Diels–Alder functionalized PKs.

PK is a promising starting polymer for the preparation of functional polymers through
the Paal–Knorr chemical modification approach. This is due to the highly reactive 1,4-di-
carbonyl moieties, which react with primary amines to form N-substituted pyrrole units [52].
The Paal–Knorr reaction is versatile and can be performed in bulk without the need for
catalysts, resulting in high yields with water as the only by-product [53]. Additionally, it is
tolerant to various primary amine derivatives, making it an efficient method for producing
polymers with a wide range of desired pendant functional groups [49,51–53]. The resulting
functional polymers have a variety of applications, including self-healing materials [54],
emulsions with adhesive properties [55], and coating materials [56].

This study presents a simple and efficient method for graphite exfoliation through
an in-situ melt-mixing process utilizing polyketones (PKs) functionalized with diene ac-
tive groups. The polymers employed include an aliphatic polyketone synthesized via the
copolymerization of propylene and carbon monoxide (CO), alongside PKs modified with
various functional groups: aliphatic moieties (PKAM), furan (PKFU), and thiophene (PK-
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THI) (Figure 1a). In this approach, furan and thiophene serve as reactive diene molecules
in the Diels–Alder (DA) reaction with graphite, which acts as a dienophile, facilitating
efficient exfoliation [47]. The primary objective of this work is to investigate and compare
the exfoliation efficiency of furan and thiophene functional groups in promoting the Diels–
Alder reaction with graphite. This study aims to determine which diene achieves superior
exfoliation performance, ultimately advancing the development of high-quality exfoliated
graphite for diverse applications.
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Figure 1. (a) Schematic representation of the Paal–Knorr reaction and polyketone products bearing
AM (PKAM), THI (PKTHI), and FU (PKFU) functional groups. (b) Diels–Alder reaction between
PK-FU and graphite, its exfoliation into GNP, and the composite formation showing DA covalent
linkages. (c) Schematic representation of the progressive exfoliation of graphite into GNP over time
by mixing with functionalized PK (red lines PK, orange dots THI or FU), aided by shear force.
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2. Experimental Section
2.1. Materials

Alternating aliphatic PK made of propylene and carbon monoxide were synthesized
according to a reported procedure (Mw 5337 Da) [57]. 1-aminopentane (Am) (Sigma-
Aldrich, 99%, Schnelldorf, Germany), 2-Thiophenemethylamine (THI) (Sigma-Aldrich,
96%, Hoeilaart, Belgium), NaCl (Sigma-Aldrich, ≥99.0%, Germany), CHCl3 (J.T. Baker,
99.8%, Phillipsburg, NJ, USA), CDCl3 (Sigma-Aldrich, 99.8 AtomD, Milwaukee, WI, USA)
for 1H-NMR analysis, DMF (Supelco, ≥99.8%, Darmstadt, Germany), N-methylpyrrolidone
(NMP) (Sigma-Aldrich, 99%, Schnelldorf, Germany), THF (Supelco, ≥99.8%, Darmstadt,
Germany), were used as received. Filters of 0.45 µm (PVDF, 47 mm, Durapore, Jaffrey, NH,
USA) and 0.22 µm (PTFE, 30 mm, Biolfil, Shantou, China) were used for solvent/solute
separation. Graphite Powder (Gr) (20 µm, synthetic, Sigma-Aldrich, Buchs, Switzerland).
2-Aminomethylfuran (FU) (Sigma-Aldrich ≥ 99%, Schnelldorf, Germany) was freshly
distilled before use.

2.2. Methods
2.2.1. Functionalization of Polyketone with Aliphatic, Furan, and Thiophene Groups

The polyketone (PK) was modified using either 1-aminopentane (referred to as PKAM,
the control sample), 2-aminomethylfuran (PKFU), or 2-thiophenemethylamine (PKTHI)
through the Paal–Knorr reaction in bulk. The aim was to achieve a total carbonyl conversion
of 80% (refer to Figure 1, Figure S1 for the experimental setup, and Table S1 for the
stoichiometry of the reactants and calculations). In the standard procedure, the unmodified
PK was placed inside a 250 mL Teflon reactor equipped with an overhead mechanical
stirrer (Ultra Torque Model BDC1850, Caframo, Georgian Bluffs, ON, Canada) and a
thermoregulated oil bath [52]. The reactor was heated up to 110 ◦C until the polymer
reached a liquid state. Subsequently, AM, FU, or THI were added dropwise to the reactor
within the first 30 min. The stirring was maintained at a constant speed of 400 rpm using
a Teflon impeller (4 Flat Blade Impeller), and the reaction time was set to 4 h after the
addition of the final drop of the different amine compounds. Throughout the reaction, the
color of the reaction mixture changed progressively from light yellow to dark brown due to
the conversion of the carbonyl moieties of the PK backbone into pyrrole groups (Figure 1a).

After the reaction, the polymers were cooled to room temperature. Then, PKAM,
PKFU, and PKTHI were dissolved in chloroform and purified by solvent extraction with
brine water 0.2 M [49]. The resulting products were then poured into a Teflon Petri dish
and placed in a vacuum oven at 50 ◦C for 48 h to remove any trace of solvent. The polymers
were analyzed using ATR–FTIR and 1H-NMR spectroscopy to ensure that no solvent was
present and to confirm the functionalization of PK with AM, THI, and FU. The samples
were stored in amber sample bottles at room temperature for further analysis and use. The
carbonyl conversion (Cco), i.e., the molar fraction of 1,4-dicarbonyl units that reacted via
the Paal–Knorr reaction, was calculated based on elemental analysis (Formulas (S1)–(S5),
Table S1). In addition, TGA, DSC, and rheometric analysis were also performed.

2.2.2. Graphite Exfoliation Assisted by Polyketones

Graphite exfoliation was accomplished by mixing molten unmodified PK and func-
tionalized PK (PKAM, PKFU, or PKTHI) at 5 wt.% of graphite. Consequently, the samples
were named PKGr, PKAMGr, PKFUGr, and PKTHIGr. The mixing reaction was performed
in a Teflon reactor (130 mL) immersed in an oil bath thermoregulated by a hot plate with
a T-1000 thermal sensor (Fulda, Germany). The reactor was equipped with an overhead
mechanical mixer (Ultra Torque Model BDC1850, Caframo) with a three-blade paddle-type
flow impeller of stainless steel (Figure S2).
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In the general procedure, the functionalized polymers PKAM, PKFU, PKTHI, or
pristine PK were placed inside a reactor that had been previously heated to 70 ◦C. Once
the polymer was softened (≈30 min), 5 wt.% of graphite was added to start the mixing at
400 rpm for 18 h to exfoliate graphite into graphite nanoplates (Figure 1c). A temperature
of 70 ◦C was chosen to favor the DA reaction between the diene functional groups (FU or
THI) and graphite as a dienophile; 18 h corresponds to the time needed to crosslink the
composite during mixing (Figure S3). Heating the crosslinked systems to 150 ◦C allowed
for de-crosslinking (i.e., melting) and composite liquefaction through the r-DA reaction.

The crosslinked composites were dissolved in DMF at a ratio of 1:10 (composite: DMF)
in a round-bottom flask that was placed in an oil bath. The setup was equipped with a
reflux cooling system and a magnetic stirrer. The mixture was then heated to 150 ◦C and
stirred at 400 rpm for 1 h.

This specific condition was selected to facilitate the separation of the components
using a high temperature. Next, the flask was rapidly cooled in liquid nitrogen (N2(l))
to quench the Diels–Alder reaction. The resulting solution, containing both the polymer
and exfoliated graphite, was filtered at room temperature. This filtration process involved
two stages: initially using a PVDF membrane with a 0.45 µm pore size, followed by a
PTFE membrane with a 0.22 µm pore size. This process allowed the separating of the
graphitic structures from the polymer solution. For further analysis, the filters containing
the graphitic structures were immersed in NMP to resuspend the samples and achieve a
good dispersion of the exfoliated graphite [58]. Around 0.5 mg/mL (samples from 0.45 µm
filters) and 0.1 mg/mL (samples from 0.22 µm filters) were used for dynamic light scattering
(DLS) and scanning transmission electron microscope (STEM) analysis. After removing
NMP in a vacuum oven at 60 ◦C for 48 h, dried exfoliated graphite samples were used for
Raman spectroscopy, scanning electron microscopy (SEM), and atomic force microscopy
(AFM) analysis.

2.2.3. Mass Yield of Exfoliated Graphite

The PKFUGr system was chosen and subjected to centrifugation at 13 K rpm instead
of filtration to measure the mass yield of the exfoliated graphite. This approach leverages
the principle that exfoliated graphite settles at the bottom of the centrifuge tube, while the
low-molecular-weight modified polyketone remains suspended in the supernatant.

This method facilitated the effective separation of the components, which were sub-
sequently dried and weighed. The purity of the separated materials was verified by
thermogravimetric analysis (TGA) (Figure S15), and the effective exfoliation was verified
by scanning electron microscopy (SEM) (Figure S16).

2.3. Characterization

The functionalized polymers’ elemental composition was determined using an Ele-
mental Vario Micro Cube (Milano, Italy) for nitrogen, carbon, and hydrogen. The ATR–FTIR
spectra of the polymers were recorded using a Nicolet iS5 (Fitchburg, WI, USA) within
the 4000–500 cm−1 range and averaged over 32 scans. The 1H-NMR spectra of the poly-
mers were recorded at room temperature in CDCl3 solution with a Bruker Avance III
HD 400 MHz (Bruker, Billerica, MA, USA), using the residual solvent peak as an internal
reference. The thermal degradation of the polymers was analyzed via thermogravimetric
analysis (TGA) using a Mettler Toledo TGA/DSC 1 (Chemnitz, Germany) under nitrogen
flux from 30 ◦C to 550 ◦C at 10 ◦C/min. DSC analysis was performed under an N2 at-
mosphere. The samples (3 to 7 mg) were weighed in an aluminum pan and then sealed.
The samples were first heated from −30 to 160 ◦C, followed by cooling to −30 ◦C. Four
cycles were performed, with each heating and cooling step incorporating an isotherm of
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10 min, and the heating and cooling rates were set to 10 ◦C/min throughout the DSC
measurements. Rheology measurements were performed using a SmartPave 102e Anton
Paar (Greencity, Graz, Austria) instrument. The samples were analyzed in the melt state
using a parallel plate system with a geometry PP50 and 1 mm gap. Temperature ramps
were performed in oscillation mode with 0.2% strain and 1 Hz, from 110 to 50 ◦C at a rate
of 3.5 ◦C/min. Owing to the high fluidity of the polyketone, temperature ramps were also
carried out between 80 and 10 ◦C. Raman spectroscopy was performed using a confocal
InVia Raman microscope (Renishaw, Wotton-under-Edge, England). The wavelength of
the excitation laser was 532 nm. Sample preparation involved depositing a droplet of the
exfoliated graphite material in NMP solvent onto silicon mounted on a standard pin.

The morphology of the exfoliated graphite material was analyzed using a Gemini
360 ZEISS field-emission scanning electron microscope (FE-SEM) (Oberkochen, Germany).
The instrument is equipped with an FE-Gun and an “Inlens” detector and operates at a
5 keV accelerating voltage with variable magnification. Statistical analyses of the particle
size were performed at a magnification of 1.5 K for graphite particles resuspended from
0.45 µm filters and at a magnification of 20 K for graphite particles resuspended from
0.22 µm filters. The sample preparation was the same as that used for Raman spectroscopy.

The size of the exfoliated graphite was evaluated using dynamic light scattering (DLS,
Zetasizer Nano ZS90 (Worcestershire, UK)) at 25 ◦C. A laser beam operating at 633 nm
was used, and detection was performed at an angle of 90◦. Before each analysis, the
samples were left in a sonication bath for 60 s and then settled for 60 s before starting
the measurement. NMP was used as the solvent. Each measurement was carried out in
triplicate. Data collection and analysis were performed using the Zetasizer software 8.02
(Malvern Panalytical, Worcestershire, UK). The mass concentration of exfoliated graphite
and the volume of solvent used for each sample were 0.5 mg/mL for the 0.45 µm filters
and 0.1 mg/mL for the 0.22 µm filters.

The exfoliated graphite material’s internal structure and layer density were analyzed
using an INSPECT F50 FEI instrument (FEI, Hillsboro, OR, USA) equipped with a STEM
detector. The examination was conducted at an accelerating voltage of 10 keV, with variable
magnification settings.

Sample preparation involved depositing a droplet of the resuspended material from
the 0.22 filter onto a formvar/carbon 300 mesh copper grid. To examine the size and
morphology of the exfoliated graphite material, a CoreAFM atomic force microscope (AFM)
(Liestal, Switzerland) was used, employing Tap300AI-G probes (BudgetSensors®, Sofia,
Bulgaria) with variable scales. Statistical analysis was performed on the obtained images.
The preparation consisted of dissolving the PKFUGr sample (obtained from 0.45 and
0.22 µm filters) in THF due to its relatively rapid evaporation at a ratio of 1:3 (sample:THF).
The mixture was then subjected to r-DA reaction conditions at 150 ◦C, with a stirring
speed of 400 rpm for 10 min. After the reaction period, the sample was cooled in N2(l).
Once the sample reached room temperature, 1 mL of the sample was uniformly sprayed
onto a silicon wafer for subsequent analysis. X-ray diffraction analysis was performed to
study the graphite composite using a Bruker D8 Advance (Karlsruhe, Germany), Ka1 Cu.
All structural parameters were obtained from the literature [59,60]. The d-spacings were
calculated using Bragg’s equation:

d002 =
λ

2sin θ002
(1)

where λ is the radiation wavelength (0.15406 nm) and θ is the diffraction angle.
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3. Results and Discussion
3.1. Functionalization of Polyketone with Aliphatic, Furan, and Thiophene Groups

We successfully functionalized polyketone (PK) with 1-aminopentane (PKAM),
2-thiophenamine (PKTHI), and 2-aminomethylfuran (PKFU) through chemical modifi-
cation using the Paal–Knorr reaction (Figure 2). PKAM was used as the control polymer in
this study.
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The functionalization of the PK resulted in carbonyl conversions (Cco%) of 38, 60, and
46 for PKAM, PKFU, and PKTHI, respectively, as estimated from elemental analysis (see
Table S2). ATR-FT-IR (Figure S4) and 1H-NMR (Figure S5) spectroscopy confirmed the
functional grafting of the groups onto the PK backbone.

We studied the thermal stability of the functionalized polymers by conducting ther-
mogravimetric analysis (TGA) on samples ranging from room temperature to 550 ◦C.
Figure 2a displays the decomposition temperatures of the polymers. The unmodified
polyketone (PK) exhibited a two-step decomposition process, with an initial decomposition
temperature of 225 ◦C and a second step at 388 ◦C. In contrast, the functionalized PK did
not display the initial decomposition step at 225 ◦C, as observed for the unmodified PK.
Instead, it showed a single decomposition step near the second decomposition tempera-
ture of the unmodified PK. This behavior indicates the enhanced thermal stability of PK
following functionalization.

The increase in PK thermal stability is likely due to the decreased number of polyketone
carbonyl groups after the formation of the pyrrole ring via the Paal–Knorr reaction. PKAM,
PKFU, and PKTHI decomposed at 389 ◦C, 392 ◦C, and 387 ◦C, respectively [40]. This can
be explained by the higher stability of the heterocyclic compounds and the formation of
carbon-rich residues instead of volatile compounds. This trend aligns with the results
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shown in Table S2, where PKFU demonstrates the highest carbonyl conversion, followed
by PKTHI, and finally PKAM [61,62].

These data are highly relevant to our research since the exfoliation experiments’ tem-
perature conditions fall within the range in which the polymers do not experience thermal
decomposition. DSC analysis (Figure S6) was also performed on the synthesized polymers
to investigate their thermal transitions, particularly the glass transition temperatures of
these non-crystalline materials (Figure 2b). The functionalization of the polymers increased
their glass transition temperature (Tg) compared to that of the unmodified PK, which
exhibited a Tg of −15 ◦C. The increase in the polymer’s Tg is primarily due to the enhanced
rigidity of the polymer’s main chains caused by the presence of pyrrole groups. The Tg

values for the functionalized polymers PKAM, PKFU, and PKTHI were observed at −5 ◦C,
10 ◦C, and 52 ◦C, respectively. These Tg values underscore the significant structural changes
resulting from the grafting of furan and thiophene groups in PKFU and PKTHI, respectively.

Notably, PKTHI exhibited a higher Tg value than PKFU, despite achieving a lower
carbonyl conversion to pyrroles during the Paal–Knorr reaction. This behavior is primarily
attributed to the higher electronegativity of the sulfur atoms in the thiophene (THI) pendant
groups of PKTHI [63].

We conducted rheological analyses on pristine and functionalized polyketones (PKs)
to evaluate the effects of different functional groups on the processability and mechanical
properties of the materials (Figure S7). Measurements were conducted above 50 ◦C, as
the pristine PK sample exhibited slippage between the parallel plates of the rheometer at
lower temperatures, which affected the data accuracy. Consequently, the storage (G′) and
loss (G′′) moduli of the polymers were compared at 60 ◦C (Table 1). The results indicate a
clear increase in the rigidity of PK upon functionalization with amine (AM), furan (FU),
and thiophene (THI) groups. Introducing pyrrole groups through amine functionalization
stiffens the polymer matrix due to the increased intermolecular interactions and restricted
segmental motion imparted by the pyrrole units. This effect is consistent with the findings
in the literature, where pyrrole groups in the polymer backbone enhance rigidity by
increasing the network density and limiting chain flexibility [49]. Adding pendant furan
groups (PKFU) further enhances rigidity compared to PKAM. This enhancement may be
attributed to the furan rings’ inherent rigidity and the steric hindrance they introduce,
which limits chain mobility and contributes to a higher modulus. A similar trend is
observed in polymers containing pyrrole heterocycles in the main chain and pendant
thiophene groups (THI), where the larger atomic volume of the heterocycle leads to higher
storage and loss moduli. Generally, we observe typical thermoplastic behavior, with both
the storage and loss moduli decreasing as the temperature increases [64].

Table 1. Functionalized polymer moduli at 60 ◦C.

Samples Storage Modulus (MPa) Loss Modulus (MPa)

PK 8.04 × 10−8 2.33 × 10−5

PKAM 5.30 × 10−6 3.02 × 10−4

PKFU 1.64 × 10−5 5.21 × 10−4

PKTHI 4.81 × 10−5 2.16 × 10−3

3.2. Polymer/Graphite Composites

Graphite exfoliation was achieved by first softening pristine or functionalized polyke-
tone (PK, PKAM, PKFU, or PKTHI) at 70 ◦C, followed by the addition of graphite. A
temperature of 70 ◦C was chosen to ensure the softening of the polymer, which helps to
intercalate the polymer chains between the graphite interlayers. In addition, polymers with
diene moieties may covalently interact with graphite layers or edges via the Diels–Alder



Polymers 2025, 17, 1333 9 of 20

(DA) reaction [32]. Under the selected experimental conditions, the polymer/graphite
mixture underwent crosslinking after 18 h, resulting in the formation of composites, as
shown in Figure S3. This behavior suggests the occurrence of covalent interactions between
functionalized PKFU and graphite, consistent with previous findings on PKFU–MWCNT
composites reported by the same authors [47].

3.3. Thermal Characterization

The composites were then analyzed using DSC (Figure S8). The functionalized poly-
mer composites showed a general trend of increasing Tg compared to their respective
polymers (Figure 2c), indicating the occurrence of effective interactions between the poly-
mer and graphite. The composites PKAMGr, PKFUGr, and PKTHIGr exhibited glass
transition temperatures (Tg) of 3 ◦C, 32 ◦C, and 58 ◦C, respectively, reflecting increases of
8 ◦C, 22 ◦C, and 6 ◦C compared to their corresponding unmodified polymers. The notable
Tg enhancement in PKFUGr and PKTHIGr can be attributed to specific interactions between
the pendant diene groups (furan and thiophene) and the graphitic material, which likely
promote stronger interfacial adhesion and restrict the polymer chain mobility. Similarly,
the Tg increase observed in PKAMGr suggests a potential interaction between the graphitic
filler and the pyrrole ring in the polymer structure, further indicating the compatibility
and interaction between the components in the composite matrix [65,66]. In contrast, the
control sample PKGR exhibited no change in Tg (−15 ◦C), suggesting the absence of an
interaction between the polymer matrix and graphite components.

The thermal degradation behavior of the composites was systematically analyzed, with
the PKGr sample serving as a benchmark. PKGr exhibited a thermal profile comparable to
that of pristine PK, with an initial decomposition temperature of 268 ◦C and a secondary
decomposition phase at 380 ◦C. These results suggest minimal interaction between the
polymer matrix and the graphite material in the absence of functionalization.

In contrast, the functionalized polymer composites containing 5 wt.% of graphite
(PKAMGr, PKFUGr, PKTHIGr) exhibited consistent decomposition temperatures of 390 ◦C,
388 ◦C, and 382 ◦C, respectively. This uniformity indicates that the incorporation of func-
tionalized graphite does not adversely affect the thermal stability of the polymer, even
after the graphite exfoliation process. The stability of the decomposition temperatures
aligns with the expected behavior of Diels–Alder bonds, which are thermally reversible
(retro-Diels–Alder, r-DA) and break down at high temperatures, leading to polymer de-
composition while leaving the graphite material intact. Moreover, the addition of graphite
appears to increase the decomposition temperature of the polymers compared to that of
pristine PK. This enhancement suggests that the graphitic filler acts as a radical scavenger,
inhibiting the early stages of polymer degradation [67,68]. These findings are particularly
significant as they confirm that functionalized graphite contributes to improved thermal sta-
bility without compromising the structural integrity of the polymer under high-temperature
conditions, which is a critical requirement for its intended applications.

3.4. Rheology Characterization

Rheological analyses were conducted on the PK composites (Figure S9), revealing
notable increases in the moduli upon adding graphitic material (Table 2). However, this
increase in the control sample (PKGr) was minimal compared to that of the function-
alized polymer composites, indicating limited interaction between the unmodified PK
and graphite.

Interestingly, the enhanced modulus observed in PKAMGr compared to that of PKAM
suggests a degree of interaction with the graphitic filler, likely mediated by the pyrrole ring
in the polymer structure [66]. The most pronounced improvements were observed in the
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PKFUGr and PKTHIGr composites, consistent with the higher density of diene groups in
these functionalized polymers. These diene groups facilitate stronger interfacial interac-
tions with the graphitic material, significantly enhancing the mechanical properties of the
composite. The increase in the moduli of PKFUGr and PKTHIGr was so substantial that
the materials exhibited solid-like behavior at lower temperatures, rendering conventional
rheological analysis less suitable. This behavior underscores the effectiveness of function-
alization in promoting strong polymer-graphite interactions, leading to the formation of
reinforced composites with superior mechanical performance.

Table 2. Composite moduli at 60 ◦C.

Samples Storage Modulus (MPa) Loss Modulus (MPa)

PKGr 1.45 × 10−6 5.44 × 10−5

PKAMGr 7.31 × 10−4 6.71 × 10−4

PKFUGr 1.06 × 10−3 1.48 × 10−2

PKTHIGr 2.39 × 10−1 4.49 × 10−1

3.5. Microscopy Characterization

The composite materials were further characterized using SEM, Raman spectroscopy,
XRD, STEM (Figures S16–S20), and AFM to investigate their structural and morphologi-
cal properties. SEM analysis provided insights into the morphology and particle size of
graphite before and after the exfoliation process. Figure 3 illustrates the graphite material
retained on 0.45 µm filters before and after exfoliation (refer to the Experimental Section for
details). Pristine graphite (Figure 3a) displayed large spherical particles with an average
area of approximately 450 µm2. A similar morphology and size were observed in graphite
exfoliated with unmodified PK (Figure S19a), indicating minimal interaction between
the pristine polymer and the graphite. In contrast, graphite treated with functionalized
polymers (PKAM, PKFU, and PKTHI) exhibited significant changes in particle size and mor-
phology, confirming effective exfoliation. The SEM images (Figures 3b and S19b,c) reveal
that the exfoliated graphite particles adopted a flake-like morphology and displayed signif-
icantly reduced average particle areas. Further analysis of the graphite retained on 0.22 µm
filters showed nanometric-sized graphite structures (Figures 3c and S20a,b), indicating
that the exfoliation process successfully produced graphite nanoplatelets. These findings
demonstrate that functionalized polymers play a critical role in facilitating the exfoliation
of graphite, leading to significant reductions in particle size and altered morphology.
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The histograms presented in Figures S10–S14, generated from the analysis of the
SEM micrographs of various samples, illustrate the distribution of the exfoliated graphite
material across the analyzed areas.
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The graphite materials exfoliated with the functionalized polymers show a significant
reduction in size compared to PKGr (490 µm2) and Gr (450 µm2). Specifically, the graphite
exfoliated with PKAM predominantly presents flake areas in the range of 10 µm2, thus sug-
gesting that the Gr exfoliation occurs via intercalation and chemical interactions between
the pyrrole group and Gr. Similarly, graphite exfoliated with PKFU and PKTHI displayed
flake areas with distributions centered at 3.83 µm2 and 3.17 µm2, respectively. This re-
duction in particle size can be attributed to the higher density of diene groups present in
these functionalized polymers. These diene groups play a critical role as intercalation and
exfoliation agents, facilitating the penetration of polymer chains between graphite layers.
The slightly smaller flake area observed in the PKTHI-exfoliated graphite may be due to the
higher electronegativity of the sulfur atoms in the thiophene groups, which could enhance
the interaction with graphite, further aiding the exfoliation process.

3.6. AFM Characterization

Atomic Force Microscopy (AFM) analysis was performed on the most effective exfolia-
tion system, PKFUGr, to estimate the number of layers in the exfoliated graphite material.
The material was filtered, dried, and resuspended in tetrahydrofuran (THF). Histograms
derived from the AFM images indicated that the graphite material retained on the 0.45 µm
filter exhibited a high degree of size polydispersity. The largest graphite fragments were
beyond the measurement range of the AFM, leading to an analysis focusing on smaller
fragments within this sample. In comparison, the smaller fragments on the 0.45 µm filter
(Figure 4) were longer than those retained on the 0.22 µm filter. Across both samples
(0.45 and 0.22 µm), the exfoliated graphite material exhibited approximately 80–120 stacked
exfoliated graphite layers. Notably, the material filtered at 0.22 µm demonstrated a smaller
size polydispersity, suggesting a more uniform distribution of fragment sizes in this sam-
ple [25,69]. Comparing these findings with existing scientific literature, we classify these
structures as exfoliated graphite nanoplatelets (xGNPs). This classification is supported by
the morphology and properties observed, which are consistent with graphite nanoplates
described in other studies [69–71].
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3.7. Raman Spectroscopy

We analyzed the exfoliated graphite material using Raman spectroscopy. Raman
spectroscopy provides robust signals from graphene derivatives. The main characteristic
bands can be observed at 1330 cm−1 (D-band) associated with edges and defects (sp3

carbons), 1580 cm−1 (G-band) assigned to sp2 carbons, and the bands in the range of
2400–2750 cm−1 G+ and 2D band, where the 2D band is the second-order overtone of the
D-band. In addition, the intensity ratio between the D and G bands (ID/IG) is crucial for
indicating defect levels in graphite derivatives [72,73].

Figure 5 presents the Raman spectra of the graphite materials obtained after the
exfoliation process. The samples were categorized into two groups based on the filtration
membranes used: 0.45 µm and 0.22 µm. Notably, the samples filtered through the 0.45 µm
membrane exhibited an increased ID/IG ratio compared to that of the original graphite.
This ratio, which reflects the intensity of the D-band (associated with defects and disorder
in the graphitic structure) relative to the G-band (indicative of in-plane vibrations of sp2-
bonded carbon atoms), suggests a higher concentration of structural defects in the material.
Table 3 summarizes these ratios. The increased defect density observed in the 0.45 µm
membrane group likely arose from the mechanical and chemical processes involved in
exfoliation, which introduced imperfections into graphite layers. These defects could be
attributed to the breaking of graphitic bonds or the intercalation of polymer functional
groups, both of which disrupt the pristine structure of graphite. The results highlight
the effectiveness of the exfoliation process in generating graphite nanoplatelets (GNPs)
with altered structural characteristics, which potentially enhances their reactivity and
compatibility with composite materials.

The observed increase in the ID/IG band ratio for the PKAMGr sample is particularly
noteworthy and possibly suggests the formation of Diels–Alder (DA) cycloadducts between
the pyrrole rings present in the main chain of the polymer and the graphitic material, which
likely occurred in other graphitic materials such as MWCNTs [74]. This chemical interaction
introduces structural defects at the graphitic surface, which are detected as an increase
in D-band intensity relative to the G-band. In contrast, the increase in the ID/IG ratio for
the control sample (PKGr) appears to have resulted from mechanical defects introduced
during the exfoliation process rather than chemical interactions. These defects arise from
the physical disruption of graphite layers without significant bonding or interaction with
the polymer matrix. The I2D/IG ratio, on the other hand, provides insight into the stacking
order and layer structure of the graphitic material. An I2D/IG ratio of approximately 2 is
characteristic of monolayer graphene, indicating a high degree of structural uniformity.
Ratios less than 2 suggest the presence of stacked graphene layers, with increasing stacking
resulting in progressively lower I2D/IG ratios. This ratio is a critical metric for assessing the
quality and exfoliation efficiency of the graphitic material, as it distinguishes between few-
layer graphene and bulk-like stacked structures [75,76]. Similarly, for samples resuspended
in the 0.22 µm filter, the ID/IG ratio exhibited the same behavior as the samples from the
0.45 µm filter. However, in the PKFUGr system, the I2D/IG ratio increased to 0.9 compared
to 0.6 for the original graphite powder. This increase suggests a decrease in the number
of stacked, exfoliated graphite layers. Another notable finding was the change observed
in the 2D signal for all exfoliated graphite. A redshift in the 2D and G* positions of the
Raman bands and a broadening of these bands were observed (dashed lines). These
changes indicate a decrease in the number of layers of exfoliated graphite sheets [76]. This
result reinforces the hypothesis of an exfoliating interaction between the PKAM and the
graphitic material. In contrast, the control sample PKGr shows a 2D signal with no changes,
confirming the absence of exfoliation or reduction in the graphitic stacked material.
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Table 3. ID/IG and I2D/IG band ratios.

Samples Filter 0.45 µm Filter 0.22 µm

ID/IG I2D/IG ID/IG I2D/IG

Gr 0.12 0.6 - -
PKGr 0.38 0.7 0.32 0.6

PKAMGr 0.21 0.6 0.25 0.6
PKFUGr 0.21 0.6 0.43 0.9
PKTHIGr 0.21 0.5 0.25 0.5

3.8. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis is a useful technique for characterizing the exfoliation
of graphite into graphene derivatives. This technique provides information on layer spacing
and interlayer distances, indicating exfoliation. The exfoliation indicates a reduction in
the Gr crystallinity, as evidenced by the weakening or disappearance of the sharp (002)
peak characteristic of graphite. The latter helps to assess the degree of exfoliation of Gr.
Additionally, XRD can reveal whether the exfoliated layers retain their stacking order
or become randomly oriented. Figure 6 shows the XRD patterns of graphite and its
composites with PK and functionalized PK (AM, FU, and THI). The figure displays the
broad PK reflection at 20◦ and the graphite diffractogram, highlighting the characteristic
peaks and their corresponding plane assignments.

For pristine graphite, a strong and sharp peak is observed at 2θ = 26.4◦, corresponding
to the (002) plane. This peak, originating from polyaromatic layers, indicates a highly
ordered graphitic structure with a basal spacing of d002 = 0.337 nm (Table 4) [77], which
further confirms the low defect density through the low ID/IG ratio, consistent with the
Raman spectroscopy results. The next prominent peak at 2θ = 54.4◦ corresponds to the (004)
plane, reflecting the stacking of higher order polyaromatic layers. Another significant peak,
centered at 44.3◦, is associated with the (101) plane, while the peak at 42.4◦, corresponding
to the (100) plane, helps define the longitudinal dimensions of the structural elements of
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graphite [59]. Additionally, low-intensity peaks are observed at 50.5◦, 59.6◦, and 77.4◦, with
planes equivalent to (102), (103), and (110), respectively [78].
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Table 4. Structural parameters of graphite samples obtained from XRD patterns.

Sample
Graphite PK

2θ002 (◦) Intensity d002 (nm) 2θ110 (◦)

Gr 26.4 290,957 0.337 -

PKGr 26.5 14,336 0.336 18.9

PKAMGr 26.5 5998 0.336 19.7

PKFUGr 26.5 8527 0.336 20.2

PKTHIGr 26.5 3999 0.336 19.6

The XRD spectra of graphitic materials obtained after exfoliation processes reveal
a noticeable decrease in the intensity of the (002) plane as compared to that of the pris-
tine graphite [79,80]. The reduction in the intensity of the θ002 plane is attributed to the
significant disruption of the graphitic structure caused by exfoliation and the restacking
or reorganization of exfoliated layers during the composite preparation process. This
phenomenon reflects the complex interplay between the exfoliated layers and the PK ma-
trix, which introduces new interlayer interactions with the polyketone matrix [81] (PDF
card #00-02-0212) [82].

Due to the structural and compositional differences introduced during the exfolia-
tion and PK integration processes, exfoliation comparisons will be focused exclusively on
PK-modified samples to ensure a consistent and meaningful analysis. Interestingly, in the
functionalized samples (PKAMGr, PKFUGr, and PKTHIGr), the intensity of the (002) peak
decreases, which reflects the enhanced exfoliation achieved through the functionalization
of PK. Incorporating functional groups such as Am, FU, and THI introduces additional
interactions at the edges and surfaces of the graphitic layers, effectively disrupting inter-
layer interactions and reducing the stacking order [83,84]. Raman spectra reveal a higher
ID/IG ratio in these samples, confirming the increased defect density introduced by the
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functionalization. At the same time, variations in I2D/IG suggest differences in the degree
of stacking among the functionalized samples.

Finally, a comparative table assessing various graphite exfoliation methods is essen-
tial to evaluate the potential of our technology for the low-cost, scalable production of
exfoliated graphite (see comparative data in Table S4). Compared to existing exfoliation
methods, our PKFU-assisted polymer exfoliation strategy demonstrates a unique balance
between high yield, structural integrity, process scalability, and environmental compati-
bility. With a mass yield of 87.9%, our approach significantly outperforms conventional
techniques, such as liquid-phase exfoliation (20–30%) and mechanical milling (40–60%),
and even matches or surpasses electrochemical exfoliation methods in terms of efficiency.
While other methods may achieve thinner layers, they often require intensive processing
steps, hazardous solvents, or costly purification, making them less viable for large-scale
applications. In contrast, our method employs a melt-mixing process with minimal solvent
use and no need for aggressive sonication or electrodes, enhancing both the economic
and environmental profiles of the technique. Although the resulting exfoliated graphite
exhibits a slightly higher thickness (~30–40 nm), the preserved lateral dimensions and struc-
tural quality are well suited for nanocomposite integration. Importantly, the Diels–Alder
functionalization strategy enables strong interfacial compatibility with polymers, which is
critical for composite performance, an aspect that is often overlooked in purely physical
exfoliation methods. This positions our method as a scalable and sustainable alternative
for producing exfoliated graphite tailored for advanced materials engineering, especially
in applications where interfacial properties and mechanical reinforcement are as important
as the layer count itself.

4. Conclusions
This work demonstrates a sustainable and scalable approach for exfoliating graphite

into graphite nanoplatelets (GNPs) using polyketones functionalized with Diels–Alder-
active groups. Among the tested systems, furan-functionalized polyketones (PKFU) exhib-
ited superior exfoliation efficiency, achieving smaller and more uniform exfoliated graphite
particles with enhanced structural properties, as validated by Raman spectroscopy and
other analytical techniques. The reversible Diels–Alder reaction plays a pivotal role in
facilitating exfoliation by enabling strong interfacial adhesion between the functionalized
polyketones and graphite, while also suggesting potential recyclability, thereby underscor-
ing the versatility and efficiency of this approach. The integration of pyrrole groups into
the polymer backbone further enhanced intercalation and exfoliation, ensuring the struc-
tural integrity of graphite under mild thermal conditions (50–150 ◦C). The application of
shear forces during melt-mixing enabled the effective exfoliation and uniform distribution
of exfoliated graphite within polymer matrices, resulting in composites with improved
thermal, mechanical, and electrical properties. This sustainable and scalable process offers
significant potential for industrial applications in aerospace, electronics, energy storage,
and advanced nanocomposite materials. By minimizing defects and enhancing the com-
patibility of exfoliated graphite with polymer matrices, this method provides a pathway
for the large-scale production of high-performance exfoliated graphite-based composites,
while addressing environmental and economic considerations.
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