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Functionalization of graphene with dimethyl acetylenedicarboxylate is achieved through a microwave-assisted
Diels-Alder reaction. The physical, chemical, and electrochemical properties of the modified sheets are thor-
oughly investigated by complementary characterization techniques. Density Functional Theory calculations are
employed to examine the functionalization mechanism and to highlight the role of defects such as epoxide
bridges introduced in graphene during exfoliation. Our findings provide valuable insights into the development
of efficient and cost-effective methods for large-scale production of high-quality graphene-based materials.
Specifically, the electrochemical properties of anode materials containing functionalized graphene are evaluated
for Li-ion electrochemical energy storage devices, demonstrating excellent electrochemical reversibility and rate
capability. The cyclic voltammetry analysis reveals material stabilization after a few cycles, resulting in a
coulombic efficiency of up to 95 % and a discharge capacity of 162.3 mA-h-g~!. The galvanostatic cycling test
indicates that the material electrode retains 57 % of its initial capacity at a C-rate of 10C, indicating high-power
capability. These promising results position organic modified graphene as a potential material for Li-ion ca-
pacitors, with a specific capacity that aligns with the last intercalation stage capacity at a lower potential.
Overall, the study's findings offer significant contributions to the advancement of graphene-based materials in
energy storage applications.

1. Introduction

Graphene, a material with a wide range of chemical, environmental,
industrial, and electronic applications, has garnered significant interest
from researchers worldwide. Various methods, including mechanical
cleavage, liquid-phase exfoliation (LPE), gas-phase synthesis, chemical
vapor deposition (CVD), and electrochemical reaction were used to
produce graphene. These methods have been widely studied and re-
ported in scientific literature [1-4].

Among the various synthetic methods for graphene, liquid-phase
exfoliation (LPE) using natural graphite has gained particular atten-
tion due to its low cost and potential for large-scale production.

Sonication-assisted LPE has emerged as a powerful tool for the chemical
preparation of single- and few-layer graphene [5]. Ultrasound has been
shown to have unique and powerful effects in the fabrication of gra-
phene, and the sonication conditions (such as mild bath sonication) can
be modified to produce different graphene materials, including low-
defect or defect-free materials. This versatility makes sonication-
assisted LPE an attractive method to produce high-quality graphene
[6,7].

Diels-Alder (DA) is an interesting reaction for the covalent func-
tionalization of graphene since it is a one-step reaction which does not
require any catalyst and typically occurs in mild reaction conditions. In
2012, [8] Sharkar et al. first reported DA reaction using graphene as the
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diene and maleic anhydride (MA) as dienophile occurring at a temper-
ature of about 120 °C [9]. Zhang et al., in 2020, carried out one-step
functionalization of graphene via DA reaction by a catalyst-free
approach at 90 °C for 12 h using dimethylformamide (DMF) as the
solvent [10].

Ethylene tetracyanate has been shown to have good reactivity with
graphene due to the presence of cyano electron-attractor groups, which
give the molecule a high dienophilicity [11] This allows for cycloaddi-
tion with graphene to occur at room temperature in the presence of
dioxane and dichloromethane.

In 2019, Feng et al. [12] developed a method for exfoliating graphite
into graphene nanosheets in situ, within a rubber and graphite blend,
using the Diels-Alder reaction under strong shear force but only
reducing the thickness of the exfoliated graphite to a range of 0.1-1 pm.

In 2021 Zhang et al. [13] propose a route for exfoliating graphene
based on the Diels-Alder reaction. In their method, N-(4-hydroxyl
phenyl) maleimide is used as reactive intercalating agent to increase the
interlayer spacing of graphite. Graphene is thus prepared by exfoliation
of graphite using ultrasound. Finally in 2022 Tokamav et al. use furfuryl
amine to produce few layers graphene via mechanochemical process by
a Diels Alder cycloaddition and generate pure few layer graphene by
reversing the reaction by thermal treatment [14].

Graphite is highlighted as a well-established material in Li-ion
intercalation energy storage devices such as batteries [15] and super-
capacitors [16]. By moving from amorphous to oriented phases (crys-
talline), carbon changes its storage mechanism with respect to Li-ion
accumulation [17]. Nowadays, energy storage devices are moving to
high-power and high-energy density systems, hence, the development of
materials able to fulfil these requirements is of strong interest. Modifi-
cation of natural graphite flakes has reported with the aim to increase
specific capacity and cycle life [18].

Li-ion capacitors, also known as lithium-ion capacitors or LICs, are
introduced as a promising energy storage technology that combines the
high energy density of lithium-ion batteries with the high-power capa-
bility of supercapacitors. They act as a hybrid energy storage system,
bridging the gap between traditional capacitors and batteries, and of-
fering a balance between energy and power performance.

Recent advancements in Li-ion capacitors have been driven by
ongoing research and development efforts, aiming to enhance energy
storage capacity, power density, cycling stability, and overall perfor-
mance. One area of improvement in Li-ion capacitors focuses on the
development of advanced electrode materials. Researchers are investi-
gating carbon-based materials such as activated carbon, graphene, and
carbon nanotubes to increase energy storage capacity and improve
charge-discharge efficiency [19-22].

In this investigation, our objective was to unravel the intricacies of
graphene's covalent functionalization via a synergistic approach that
melds computational analyses with experimental practices. Central to
our study was the exploration of graphene's reactivity in the Diels-Alder
(DA) reaction, observed across a temperature spectrum from 25 °C to
175 °C. This examination was facilitated by the employment of a mi-
crowave reactor, chosen for its adeptness in ensuring precise tempera-
ture regulation and homogeneity [23]. The integration of microwave
technology in organic synthesis marries innovation and efficiency,
creating an unparalleled platform for probing chemical reactions
beyond the capabilities of conventional heating methodologies [24-27].
This methodological fusion allows for expedited, even heating holding
the promise of leading to the uncovering of novel compounds and
fostering the development of more sustainable, environmentally
friendly chemical processes [28,29].

We studied the reactivity of graphene with dimethyl acetylenedi-
carboxylate (DMAD). A mechanistic study based on density functional
theory (DFT) was employed to comprehend the functionalization
mechanism and to elucidate the role of stabilization brought about by
the defects introduced during the exfoliation process. Then, the chemi-
cal and physical properties of the resulting products were characterized,
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as well as their electrochemical properties.

2. Experimental section
2.1. Materials

NMP (1-Methyl-2-pyrrolidone, 95 %), chloroform (>99,8 %),
dimethyl acetylenedicarboxylate (95 %), dioxane (>99 %), graphite
flakes (99 % carbon basis,- 325 mesh particle size), methanol (>99,8 %),
MHQ (Methyl hydroquinone, 99 %), toluene (99,8 %) were purchased
from Sigma-Aldrich. A solution of 1 M LiPFg (LP30) in 1:1 vol. of EC:
DMC (ethylene carbonate: dimethyl carbonate), battery grade, was
purchased from Solvionic.

2.2. Synthesis procedure for graphene with dimethyl-
acetylenedicarboxylate

Graphene was synthesized utilizing a modified version of the Cole-
man method as described in ESI S1.1 [30,31], and detailed in our
manuscript [32]. Initially, 1 g of graphite powder flakes was exfoliated
in 50 ml of N-methyl-2-pyrrolidone (NMP) under well-controlled tem-
perature conditions, specifically maintained below 10 °C to prevent any
thermal degradation of the material or solvent. This suspension was
subjected to bath sonication for a duration of 80 min, employing a fre-
quency of 37 kHz and a power output of 320 W. The use of an ice bath
was crucial to maintain the low-temperature condition throughout the
sonication process, ensuring efficient exfoliation while minimizing the
risk of overheating.

Following sonication, the mixture was centrifuged at 4200 rpm for
45 min. The supernatant, containing exfoliated graphene, was carefully
decanted and stored for further use. This process results in a graphene
dispersion presumed to have a concentration of approximately 80 pg
ml*-1. 150 ml of the graphene dispersion was sonicated at room tem-
perature for 10 min and filtered using a hydrophilic nylon membrane
(Milipore 0.20 pm, 47 mm) under vacuum. The filtered dispersion was
then sonicated again at room temperature for 15 min in a 10 ml glass
microwave reactor, using either toluene or a 50 % wt chloroform/
dioxane solution as the solvent. Dimethyl acetylenedicarboxylate (0.5
ml) was added to the resulting dispersion under a nitrogen flow, and the
reaction was carried out in a closed silicon carbide reactor under stirring
for 1 h, using an Anton Paar Monowave 200 microwave reactor.

The resulting product was filtered under vacuum using an alumina
filter (Milipore 0.2 pm, 47 mm), washed, and dried in a vacuum oven for
12 h at 60 °C, resulting in the production of graphene films (see Fig. 1).
All samples were synthesized using this method, except for the
M175mhq sample, which was prepared by adding 18 mg of methyl

Fig. 1. Functionalized Graphene based material (M60).
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hydroquinone. Table 1 provides a description of the conditions used for
each of the samples.

2.3. Electrodes preparation procedure for electrochemical analyses

The potential use of the M60 sample as an electrode material in
energy storage devices was evaluated. To prepare the electrode, a
viscous slurry was formed by mixing M60 with Polyvinylidene Fluoride
(PVDF) in N-Methyl-2-pyrrolidone (NMP) at a weight ratio of 9:1. The
slurry was deposited onto a copper current collector using a doctor blade
procedure at a speed of 10 mm s}, resulting in electrodes with a
diameter of 12 mm. The electrodes were then vacuum-dried overnight at
40 °C to remove any remaining solvent traces. The vacuum pump used
did not have a pressure gauge, but the expected vacuum level was below
10~ bar.

To minimize oxygen and moisture contamination, the cell assembly
was carried out in an MBraun glove box system filled with nitrogen gas,
with the levels of oxygen and moisture kept below 0.5 ppm. The

resulting mass loading of the electrode was 0.88 mg cm ™2,

2.4. Characterizations

Raman Spectroscopy. Raman spectra were acquired using a Renishaw
inVia Reflex micro-Raman spectrophotometer (Renishaw plc, Wotton-
under-Edge, UK) equipped with a cooled CCD camera. The samples
were excited with a diode laser source operating at a wavelength of
514.5 nm and approximately 5 mW power. A 50 x objective was used for
sample inspections under backscattered light collection conditions [33].

Thermogravimetric analysis coupled with vapor phase infrared spectros-
copy (TGA-IR). TGA-IR was used to characterize all samples. The mea-
surements were performed using a NETZSCH TG209 F1 Libra
thermogravimetric analyser (TGA) coupled to a Bruker Tensor II Fourier
transform spectrophotometer equipped with a DTGS detector. Approx-
imately 10 mg of each sample was placed in an alumina crucible and
heated under a nitrogen flow (40 ml min~1) from 30 to 800 °C at a rate of
10 °C min~!. Infrared spectra were continuously acquired in the
absorbance mode over the range of 4000 to 600 cm ™! with a resolution
of 2 em™! during the heating process [34].

X-ray Diffraction Analysis (XRD). X-ray diffraction (XRD) analysis was
conducted using a PANalytical X'Pert MRD Pro powder diffractometer
equipped with a 1D PIXcel detector (Malvern PANalytical, United
Kingdom). Diffractograms were collected in Bragg-Brentano reflection
mode using Cu Ko radiation, at an operating voltage of 40 kV and a tube
current of 40 mA. The instrumental broadening was calculated using the
Caglioti equation based on the reflections of a standard LaBe powder
(NIST660a). Measurements were carried out in continuous mode with a
step size of 20 = 0.0131° and a data time per step of 150 s for the natural
graphite sample and 300 s for the membrane sample. QualX software,
with the COD database, was used for qualitative phase determination,
and MAUD software was used for quantitative analysis and refinement.
The COD cards matching the diffraction patterns of the graphite are
00-900-8569 (space group P63mc) and 00-901-2705 (space group R-3

Table 1

Sample of functionalised graphene.
Samples Temperature Solvent
Name ({O) Type
Mrt 25 Toluene
Mrt_cd 25 Chloroform: Dioxane”
M60 60 Toluene
M125 125 Toluene
M135 135 Toluene
M175 175 Toluene
M175mhq” 175 Toluene

@ 1:1 by weight.
b MHQ added.
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m) [35].

UV-Vis Spectroscopy (UV-vis). Absorption spectra were recorded
using a Perkin-Elmer LAMBDA 650 S UV/Vis/NIR spectrometer in the
absorption mode. To prepare the samples, each was dispersed in ethanol
and the blank solvent spectrum was subtracted from the recorded
spectrum [36].

Fluorescence Spectroscopy. Fluorescence spectra were performed in a
PerkinElmer precisely LS55 Fluorescence Spectrometer equipped with
Low Temp Lumin Accessory. Sample was dispersed in Ethanol and the
selected excitation wavelength was at 266 nm [37,38].

Electrochemical characterization. The electrochemical analyses were
conducted in a half-cell configuration in a Swagelok Tee cell. The
working electrode (WE) was prepared by depositing the M60 sample
onto a copper current collector. Metallic lithium was used as both the
counter electrode (CE) and the reference electrode (REF), and the
Whatman fiberglass of grade D (GFD) served as separator. The LP30
electrolyte solution was used, and the electrolyte amount was 200 pl.
Electrochemical measurements were performed using a VMP 3 poten-
tiostat provided by BioLogic. The instrument offered a voltage range of
+10 V, a maximum current of 400 mA, with a voltage and current res-
olution of 50 pV (minimum) and 760 pA, respectively. The accuracy was
declared to be <0.1 % of the full-scale range. The electrometer had an
input impedance >1 TQ, a capacitance of <20 pF, and an offset current
lower than 5 pA.

Cyclic voltammetry (CV). analyses were performed at 0.2 mV s-1 in
the potential window [0.1, 1.5] V vs. Li/Li + to investigate the electrode
thermodynamics, as suggested by La Mantia et al. [39]. The voltage
resolution was 100 pV, and the current was recorded by sampling 100 %
of the voltage step, averaged over 10 points. The resulting sampling
conditions were 1 point per mV voltage variation. Further CV analyses
were performed in the potential window [0.0, 1.5] V vs. Li/Li+. Gal-
vanostatic charge and discharge (GCD) measurements were performed
at different C-rates, set by referring to graphite's theoretical specific
capacity of 372 mAh g_l. The different C-rates were {1/10,1/5,1/2, 1,
2,5,10} C.

Electrochemical Impedance Spectroscopy (EIS). was performed to study
the frequency response of the synthesized electrodes. The probe signal
was 5 mV peak amplitude, and the frequencies varied from 1 MHz to 10
mHz, with 10 points per decade. Each frequency point was averaged
over at least three periods.

2.5. Computational details

Theoretical calculations are performed using density functional
theory (DFT) and time-dependent density functional theory (TDDFT), as
implemented in the Quantum Espresso simulation package [40,41] The
electron wave functions are expanded in plane waves (PWs), while ex-
change and correlation effects are modelled by the generalized gradient
approximation (GGA) for the exchange-correlation functional proposed
by Perdew, Burke and Ernzerhof (PBE) [42]. The electron-ion interac-
tion is described by optimized ultrasoft pseudopotentials [43]. Kohn-
Sham states (electron density) were expanded into plane waves with a
kinetic energy cutoff of 30 Ry (300 Ry). To include long-range dispersion
corrections to standard Kohn-Sham DFT, the Grimme-D3 method was
utilized [44]. The Brillouin zone of graphene unit cell was sampled with
a 12 x 12 x 1 shifted Monkhorst-Pack mesh [45] and reduced accord-
ingly for supercell calculations while the Brillouin zone of molecular
cluster was sampled at the I" point. A vacuum region of at least 10 A was
added in the non-periodic directions to prevent spurious interactions
between the periodic replicas. All structures were relaxed by minimizing
atomic forces, and convergence was achieved when the maximum
component of residual forces on ions was <10~> Ry/bohr.

To understand how likely a reaction is to occur between the gra-
phene sheet and a given organic molecule we calculated the function-
alization reaction energy as follows:
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AE = Etor - (Emom) + Emol)

where E;, represents the total energy for the functionalized structure
while Epono and Epy, correspond to the total energy of the relaxed gra-
phene monolayer (either pristine or with specific single point defects)
and that of the isolated molecule, respectively. We utilized the climbing
image nudged elastic band method (CI-NEB) to identify the activation
barriers of the chemical reactions involved in the functionalization
process [46].

Optical spectra were simulated using the Liouville-Lanczos approach
to linearized TDDFT, as implemented in the turboTDDFT code [47]. In
this case, the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional was
utilized [48,49] and 3000 iterations were calculated to obtain accurate
optical spectra.

3. Results and discussion

To assess the functionalization of the material, a range of analytical
techniques were employed, including TGA-IR, UV-Vis, Emission, and
Raman analyses.

3.1. UV-Vis analysis

The UV-Vis spectroscopic analysis of the graphene and the other
functionalized materials revealed the presence of two distinct absorp-
tion bands (Table 2, ESI Fig. S4). The first band, which appeared at 265
nm, can be attributed to the characteristic 1 — n* transition associated
with the -C=C- bonds present in the graphene's aromatic rings. The
second intense band, observed at 203 nm, is correlated with the n — n*
transition of the C—O groups presents in the ester functional groups of
the material. Typically, this band is observed within the range of
200-210 nm and may be due to the oxide defects formed during the
microwave reaction. Notably, M60 and Mrt_cd exhibited different
spectra, with a single absorption maximum at 267 nm and 266 nm,
respectively.

The spectra of Mrt, M125 M135, M175 and M175mhq showed
remarkably similar peaks thus only a comparison between Mrt and
M125 is reported in Fig. 2a, with Mrt exhibiting peaks at 203 and 253
nm, while M125 had peaks at 203 and 254 nm. In contrast, M60 and
Mrt_cd showed a single peak with a broad band at 266 and 267 nm,
respectively, indicating variations in the graphene's absorption bands, in
Fig. 2b M60 is reported.

The observed variations in the absorption bands of M60 and Mrt_cd
suggest that they have undergone chemical functionalization, which is
often indicative of the presence of new chemical groups or bonding in-
teractions with other molecules. To confirm this, a fluorescence spec-
trum was performed on Mrt_cd, which is a common technique used to
study the chemical and physical properties of materials. The fluores-
cence test provided further insights into the nature of the functionali-
zation, confirming the presence of chemical modifications in the
graphene samples.

3.2. Fluorescence analysis

Fluorescence spectra was obtained in the modes of synchronous-scan
excitation on dispersed sample in ethanol. The emission spectrum is

Table 2
UV-Vis Absorbance wavelength (1) of functionalized graphene compound in
alcoholic solution.

Mrt Mrt_cd M60 M125 M135 M175 M175mhq
(nm) (nm) (nm) (nm) (nm) (nm) (nm)
203 - - 202 208 206 208

253 266 267 254 253 265 254
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recorded by measuring the relative intensity of radiation emitted as a
function of the wavelength at a constant excitation wavelength (Aex) at
266 nm. Fig. 3 exhibits the fluorescence emission spectra which reports
two strong emission peaks (Aem) at 527 and 538 nm. The presence of
emission peaks may be correlated with the structural disorder induced
by the introduction of DMAD into the material [37,38].

3.3. Raman spectroscopy

Raman spectroscopy was performed on all samples, and the results
are presented in Fig. 4 and Table 3. The pristine material exhibited the
typical features of exfoliated graphene material, with three main peaks
observed in the spectrum: the D band at 1352 cm™}, the G band at 1582
cm™! (in-plane vibration of sp2 carbon atoms), and the 2D band at 2712
cm™ 1 [32,33]. The D band is related to the defectiveness in the sp2
domains, as it is due to the Alg breathing vibrations of six-membered sp?
carbon rings, becoming Raman-active when the symmetry of the nearby
lattice is reduced by defects or functional groups in the material. The G
band originates from a first-order inelastic scattering process involving
the degenerate iTO and iLO phonons at the G point (E2g mode). Close to
the G band, a weaker D' peak at 1620 cm™! can be observed, again
related to the amount of disorder in the lattice. The 2D band is the
second order of the D band, involving two iTO phonons near the K point.

In contrast to the D band, the 2D band is allowed without any kind of
disorder or defects, and its shape depends on the number of graphene
layers, with multiple peaks convolution [33,50] The intensity ratio be-
tween the D peak and G peak is related to the mean dimension LD of the
graphenic domains, as Ip/Ig is proportional to LD-alpha, where alpha =
1 for edge defects [51] and alpha = 2 for point defects. Thus, the in-
crease of the Ip/Ig ratio reflects the augmented defectiveness of the
graphenic materials. From the data reported in Table 3, it is possible to
observe an increase in the Ip/Ig ratios for all the treatments performed,
except for the mild room temperature treatment in toluene where the
augment is negligeable. The maximum effect (Ip/Ig = 0.79) is observed
when 50 % chloroform and 50 % dioxane are chosen as the solvent
solution, sample Mrt_cd and M60, but the effect is remarkable for all the
treatments proposed. Furthermore, a downshift in the 2D peak position
and a more symmetric profile are evidenced after all the functionaliza-
tion treatments.

3.4. TGA analysis

As reported in our previous work by Martis et al. [32], the TGA
thermogram of graphite has a continuous loss trend and shows a weight
residue value of 96,9 % at 799 °C. The graphene (Mrt) TGA analysis has
one single weight loss step, around 700 °C of about 50%wt. The dif-
ference in the mass change trends of graphite and exfoliated graphene is
a direct consequence of the top-down strategies used in the exfoliation
process, which induce some defects into graphene sheets and increase
the oxidation degree. This effect has been reported in multiple studies,
including Dato et al. [3] and by Xu et al. [6].

Thermal stability of the compounds was examined using TGA-IR
analysis, which revealed a two-step degradation process (refer to SI
for details). The first degradation occurred at around 300 °C, followed
by a second degradation at around 650 °C. The residual mass at 800 °C
was approximately 45 % for all compounds, except for M125 and M175,
which had a residual mass of around 65 %. Gas-phase IR analysis at
different temperatures showed the presence of water (two broad bands
at 4000-3500 and 1800-1300 cm’l), CO; (four peaks around 3500
cm ! and a double peak at 2350 cm’l), and carbon monoxide (two
bands at 2150 cm™!) for all compounds. However, the IR spectra of
Mrt_cd and M60 (Fig. 5) at different temperatures did not show any
water bands meaning a less hydrophilic structure and/or the loss of
oxygen present in the structure. In particular, the M60 spectra showed
peaks at 1738 cm ™!, which can be attributed to the C=0 stretching of
the COOEt group, confirming the functionalization.
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Fig. 2. Comparison between UV-Vis Spectra of a) Graphene and M125, and b) Graphene and M60.
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Fig. 3. Fluorescence Emission Spectra of M60.

To provide context for comparison, it is worth noting that pure
dimethyl acetylenedicarboxylate has a flash point of 86 °C (closed cup)
and a boiling point of 95-98 °C at 25 hPa. The TGA-IR analysis of M60
revealed no weight loss at or near 100 °C that could be attributed to the
evaporation of free alkyl groups. The initial part of the thermogram of
M60 followed the trend of unfunctionalized graphene up to 200 °C.
However, a weight loss of 7 % was observed after this point, with a
maximum degradation velocity at 377 °C, which could be associated
with the presence of tailored dimethyl acetylenedicarboxylate.

3.5. X-ray diffraction analysis

To determine whether functionalization could significantly affect the
engineering of the material to produce self-standing membranes for
energy-related applications (self-standing ion-selective membranes or
electrodes for flow-electrochemical cells i.e. fuel cells, redox-flow bat-
teries, capacitive deionization, ....), the diffraction pattern together with
the electrochemical activity of the M60 was compared to that of the
pristine material.

The diffraction pattern of the pristine material shows a multiplicity
of broad and sharp peaks. The major broad peak is centred at 11 degrees
(2q) and it is often linked to graphene oxides [35]. This feature has been
highlighted in the Pristine pattern presented in Fig. S29 in the Supporting
Information, while in the main article, the broad peak has been included
in the background correction of the pattern only to appreciate the
crystalline peaks. The sharp peaks reveal the presence of two symmetries

M175mhq 7 ID/I 0.57
.
M175 ! 4 Ip/ls: 0.59

\ SN

w_»-—«'/\"**- ST sl

S |M135 " Ip/Ig: 0.57
= 2
g | A \ AN
> 'Y
% M125 \ " I/ 0.55
2 N D AN A
= Irll
g | M60 \ I,/1;:0.74
[0} \ \
x ,_/\m ”‘\\\WM ____f M

Mrt_cd ” Ip/I;: 0.79

S A

T 048

Mrt |

_____//\ I\-K__WW v//\\_.
Graphene 7 In/15: 0.45
N . ,,__//\w
1200 1400 1600 4 2600 2800

Raman Shift cm™)

Fig. 4. Raman spectra of Graphene before and after functionalization.

of the graphite which are the P63mc (COD code 00-900-8569) which is
the 77,18 % of the crystalline part of the powder and the R-3:R (COD
code 00-901-2705) which is the remaining 22,82 %. Those two phases
are evidenced in Fig. 6a and b from the blue and red pattern, respec-
tively. From the Reitveld refinement, the crystallite size of the two
phases are, according to the turbostratic model [52], of about 470 and
395 A with similar microstrain of 1.4u and 1.7u, respectively. The
sample M60 instead, presents the P63mc phase alone, without any
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Table 3
Raman spectra Position of D, G peaks of graphene before and after functional-
ization and intensity ratio Ip/Ig values.

Sample Peak positions cm
D G 2D
M175mhq 1350 1579 2705
M175 1348 1577 2707
M135 1354 1579 2705
M125 1350 1575 2707
M60 1354 1579 2690
Mrt_cd 1350 1577 2698
Mrt 1352 1575 2696
Graphene 1352 1582 2712

broadening associated to GO or short-range order of phases. The cell
parameter c related to the distance between the graphene layers of the
graphite shortened with respect to that of the pristine powder,
decreasing from 6.7258 A to 66,821 A in the self-standing sample,
indicating a densification of the material. The average crystalline size
also decreased to 173 Awell evidenced from the enlargement of the
FWHM of the (002) peak shown in Fig. 6¢. Moreover, it is worth noticing
that M60 presents strong preferential orientation along the (00I) crys-
talline directions, consistent with the membrane formation procedure.
The basic parameters retrieved form the refinement is reported in the
Supporting Information in Table S2.

3.6. DFT model

TGA measurements provided evidence supporting the presence of
oxygen-containing functional groups on the surface of exfoliated gra-
phene, indicating that exfoliated graphene has similarities with gra-
phene oxide. To investigate the interaction between the studied
molecule and graphene flakes, we performed calculations on both
pristine graphene and graphene containing epoxy group. Recent studies
[53-57] have highlighted the critical role of defects and oxygen-
containing groups on graphene oxide surfaces in facilitating molecular
adsorption and favoring the functionalization process. To simplify our
discussion, we will refer to the graphene pristine flake as G and the
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system representing graphene oxide as GO. Furthermore, we will use the
abbreviations G-DMAD and GO-DMAD to denote the interaction be-
tween the molecule and pristine and oxidized substrates, respectively.

The DMAD molecule was placed in either the para or ortho config-
urations of the aromatic ring of graphene sheets to examine its attach-
ment to both graphene-based systems (see Fig. 7). Our DFT results
demonstrate that the adsorption of the molecule onto pristine graphene
is not spontaneous since the AE is positive, requiring an energy of
approximately 1 eV for the reaction to occur, resulting in a calculated AE
value of 0.96 eV/molecule (1.54 eV/molecule) in the ortho (para)
configuration. However, when considering the adsorption of DMAD on
the defective aromatic ring of the epoxide, the AE values become
negative, indicating that the adsorption process becomes exothermic in
the presence of defects. Specifically, the most favourable configuration
shows DMAD chemisorbed in the para configuration with a AE of —0.26
eV/molecule, as illustrated in Fig. 7. In the final and most stable
configuration, the ester groups, which were originally conjugated with a
C—C triple bond, are now bonded to two C atoms with a bond length
equal to 1.35 A, typical of a double bond. Additionally, the latter ones
form two covalent bonds with the graphene matrix atoms, with a length
of 1.56 A.

Then we calculated the absorption spectrum of the molecule adsor-
bed on the graphene, (both pristine and oxidized) flake within the
TDDFT approach and compared it with the absorption spectrum of the
molecule before being attached to graphene. In this case, the graphene
sheet was represented by a cluster containing seven benzene rings (see
section S.4 of the supporting information), since it has been shown that
such model cluster is suitable for obtaining accurate electronic and op-
tical properties while keeping computational costs low [58,59].

The calculated absorption spectra are reported in Fig. 7c. It is
apparent that when DMAD is chemically bound to graphene an ab-
sorption peak appears at low frequency (between 500 and 600 nm).
These findings are consistent with the fluorescence signal observed for
the functionalized graphene and reported in Fig. 3. Our TDDFT simu-
lations further indicate that the origin of this peak can be attributed to
the hybridization between the n orbitals of DMAD and those of the
graphene matrix. This conclusion is supported by the response charge
calculation for the first main absorption peak at 2.2 eV, which was
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Fig. 5. Gas phase IR of M60 at different temperature.
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Fig. 6. Pattern of the pristine powder with an (a) enlargement of the regions of
40-62° and 75-90 degrees and (b) the whole pattern. (c) Pattern of the sample
M60. Both the patterns have been subtracted with the background radiation
and for (a) and (b) the broad peak of GO was subtracted.

performed for an electric field polarized along the longitudinal axis of
the DMAD molecule (Fig. 8).

The theoretical analysis highlights the pivotal role that extrinsic
defects within the graphene matrix play in such a functionalization
mechanism and offer valuable insights into the electronic and optical
properties of the adsorbed DMAD molecule, and further our under-
standing of its interaction with the graphene matrix.

3.7. Electrochemical analyses

The evaluation of the M60 performances started by evaluating the i-v
characteristics by means of CV analysis at 0.2 mV s~ . The results of the
CV measurements are shown in Fig. 9. In Fig. 9a, the evolution of 20
voltammetric cycles is reported. During the first cathodic sweep, the
M60 electrode is brought from its open circuit potential down to 0.1 V vs
Li/Li*. During this first reduction path, it is evident the formation of the
SEI layer as suggested by the intense reduction currents. Further, the
first cycle irreversible capacity loss is non negligible as evident form the
first anodic sweep. By analysing the initial reduction and oxidation
charges, the initial coulombic efficiency is about 8.4 %, meaning that
most of the energy is consumed in favour to the SEI formation. The low
specific current is due to the reduced potential window because only the
1st intercalation stage is completely taken in the calculation. Indeed,
further scans in the full potential window revealed the complete inter-
calation and de-intercalation stages as reported in Fig. 9bc [60]. It can
be noticed that the electrode keeps good electrochemical reversibility,
and the discharge capacity increases from 56.3 mA g~ ! at the reduced
potential window up to 162.3 mAh g_1 in the wider one. Further, the
electrode stabilizes in few cycles as it can be better appreciated by the
CV reported in Fig. 9b in an extended potential window. Upon interface
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stabilization, the electrode reaches 95 % coulombic efficiency.
Remarkably, the intercalation and de-intercalation peaks shift towards
the same potential, akin to a more electrochemically reversible system.
Indeed, as reported and evidenced in Fig. 9b, the potential difference
between the first intercalation and the de-intercalation peaks is
approximatively 50 mV, close to the value of a one-electron process.

The open circuit potential impedance of the modified graphitic
electrode is shown in Fig. S31. The measurement shows a semicircle in
the high frequency range that can be associated with a possible perco-
lation path of the charges among the flakes, due to the binder. Overall, at
the open circuit potential, prior to Li intercalation, the electrode is
showing the expected blocking behaviour and a series resistance of 4 Q.

After the CV analysis the M60 was subject to GCD at different current
rates set as C-rates. The rates were {1/10, 1/5,1/2, 1, 2, 5, 10} C. It is
worth noticing that the present C-rate values correspond to {37, 75, 185,
370, 745, 1860, 3720} mA g’l. In Fig. 9c are reported the results of the
galvanostatic cycling test. It shows the potential profile at the C-rate of
C/10 (~40 mA g~ 1). The three stages are clearly visible. The first one
occurs at about 80 mV at constant plateau, the second one approx-
imatively around 123 mV while the last one occurs around 200 mV. This
result goes in good agreement with the oxidation branch of the CV scan
of Fig. 9b. In Fig. 9d it is shown the result concerning the rate capability
test. The M60 electrode retains the initial discharge capacity rated at
176 mAh g-1 at the G-rate of C/5 (~75 mA g 1). Remarkably, the
electrode retains 57 % of its initial capacity at the C-rate of 10C (~4.0 A
g™ 1), which is an interesting result considering the standard rate capa-
bilities of Supercapacitor electrodes. This relatively high-power capa-
bility can be attributed to the defective state of M60 suggested by the
Raman spectrum [61]. According to the results of Lucchese et al., the
average inter-defect distance is 13.51 nm, which is a quite compatible
result with respect to the crystallite size provided by XRD [62]. As
suggested by the XRD analysis, the layer spacing is reduced from ~3.35
A t03.34 A, increasing the material density which is positive in terms of
volumetric energy density.

The Ragone plot concerning the energy and power capabilities of the
investigated electrode material was derived from the C-Rate analysis
and reported in Fig. S30. The material was tested in a power density
range from 10 W kg ™! up to 1 kW kg ~!. Remarkably, the specific energy
ranges from 50 Wh kg ! to approximatively 20 Wh kg .

The presented results are in line with literature reports [63,64] The
reduced specific capacity can be addressed to a large crystallite owing to
a bigger diffusion path, although the material defectiveness [65]. These
results represent a promising achievement. One of the cheapest, envi-
ronmentally friendly, and convenient high-power and high-density
system is represented by activated carbon-based Li-ion capacitors
(LIC). These materials feature specific capacities of less than 15mAh g !
in half-cell configuration. This specific capacity value is compliant with
the last intercalation stage capacity at a lower potential, which is also a
recommended operative point for LIC. Hence it is sufficient to develop
high-rate capability graphite materials without the need to scarify a
huge amount of energy to pre-lithiate graphite to desired levels, to meet
a good balance during the charge balancing procedures aimed to
maximize the final device performance.

4. Conclusions

The reactivity of graphene with DMAD was investigated using a
microwave-assisted DA reaction, and the physical, chemical, and elec-
trochemical properties of the resulting products were thoroughly
analyzed. The functionalization mechanism and the role of defects
introduced during the exfoliation process were examined. The interac-
tion between the DMAD molecule and both pristine and oxidized gra-
phene flakes was delved into, with DFT calculations revealing that the
adsorption of the DMAD molecule onto pristine graphene required the
presence of defects on the epoxide to become exothermic. These findings
emphasized the crucial role of extrinsic defects within the graphene
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Fig. 7. Ball-and-stick representation of graphene oxide and the absorption of MDAD molecule onto graphene oxide (top panels). C atoms are represented in grey, O in
red, H in white. The yellow and blue-highlighted C atoms correspond to the anchor site of the molecule in the para and ortho configurations, respectively. The TDDFT
absorption spectra of the isolated MDAD, G, GO and GO-MDAD in para configuration (bottom panel). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 8. Response charge of DMAD-GO molecular system in para configuration,
for the first main absorption peak at 2.2 eV. The perturbation is oriented along
the long axis of the DMAD molecule.

matrix in the functionalization process and provided valuable insights
into the electronic and optical properties of the adsorbed DMAD mole-
cule. These insights could contribute to the advancement of more effi-
cient and cost-effective methods for large-scale production of high-
quality graphene-based materials.

Carbon-based materials typically offer lower energy density
compared to lithium-ion battery electrodes. Enhancing the energy
storage capacity of carbon-based electrodes is a critical challenge in Li-
ion capacitor development. Researchers are exploring strategies to in-
crease the specific surface area and optimize the pore structure of carbon
materials to improve their energy storage capabilities. Concerning the
power density, while carbon materials exhibit high power capability,
achieving even higher power density is desirable for Li-ion capacitors.
The challenge lies in enhancing the kinetics of charge transfer and ion
diffusion within the electrode material. Developing carbon-based ma-
terials with improved conductivity and designing electrode architec-
tures that facilitate efficient ion transport are areas of active research.
Moreover Li-ion capacitors should maintain stable performance over
numerous charge-discharge cycles. Carbon-based electrodes are sus-
ceptible to structural degradation and the formation of solid-electrolyte
interphase (SEI) layers during cycling, which can impair performance.
Researchers are focused on developing carbon materials with enhanced
structural stability and designing electrode formulations that mitigate
the formation of SEI layers, ensuring prolonged cycling stability. Finally,
Li-ion capacitors should exhibit excellent performance at high charge-
discharge rates. However, carbon-based electrodes can experience lim-
itations in terms of ion diffusion and charge transfer kinetics, leading to
reduced rate capability. Overcoming these limitations involves
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Fig. 9. Cyclic voltammetry analysis of the M60 sample exploited as anode material. In a) the evolution of 20 CV cycles carried out at 0.2 mV s~ showing an
important first cycle initial capacity loss due to the SEI formation. In the inset of a) it is shown that the material stabilizes towards a more electrochemically reversible
state. In b) a highlight of cycle 20 showing that the potential difference between the two peaks due to the first intercalation stage (reduction) is c.a. 60 mV apart from

the last de-intercalation potential (oxidation) akin to a reversible process.

designing carbon materials with improved ion transport properties and
optimizing electrode structures to facilitate faster charge-discharge
processes.

Here instead electrochemical analyses of the M60 anode material for
Li-ion energy storage devices demonstrated its excellent electrochemical
reversibility and rate capability. Material stabilization was observed
after a few cycles, resulting in a coulombic efficiency of up to 95 % and a
discharge capacity of 162.3 mA h g~!. The galvanostatic cycling test
indicated that the M60 electrode retained 57 % of its initial capacity at a
C-rate of 10C, indicating its high-power capability. These promising
results suggest that M60 could be a potential material for Li-ion capac-
itors, offering a specific capacity that aligns with the last intercalation
stage capacity at a lower potential.
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