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lysis of polydiphenylamine/
MWCNT-COOH composites for supercapacitors:
recovered vs. commercial nanotube electrodes

C. S. Florica,ab A. Nila,b M. Vaduva,b C. Negrila,b C. Bartha,b Marouane Aannir,c

Ismael Saadoune,c S. Bellucci,bde O. Cramariucf and M. Baibarac *b

This paper reports amethod for separating the constituents of a cathode containing a composite of the type

polydiphenylamine (PDPA)/multi-walled carbon nanotube grafted with carboxyl groups (PDPA/MWCNT-

COOH-1) as active material in end-of-life rechargeable lithium-ion batteries (RLIB) and their reuse as

active materials in the field of other energy storage devices. The materials recovered from lithium battery

cathodes are characterized by FTIR spectroscopy, Raman scattering, surface-enhanced Raman scattering

(SERS), and X-ray diffraction. The use of the PDPA/MWCNT-COOH-1 composite as active material in the

development of new energy storage devices, such as symmetric supercapacitors, is also reported. The

performance comparison of the recycled composite material (PDPA/MWCNT-COOH-1 and MWCNT-

COOH) with the one synthesized from pure chemical compounds (PDPA/MWCNT-COOH-2) is shown.

Values of the capacitance of symmetrical supercapacitors, having as electrode materials the composites

of the type of a mixture of PDPA/MWCNT-COOH-1 and MWCNT-COOH, as well as PDPA/MWCNT-

COOH-2, are equal to 136.6 mF cm−2 and 112.59 mF cm−2. Increasing the concentration of the PDPA/

MWCNT-COOH-2 active material in the electrode mass from 80 wt% to 84 wt% led to variations in the

capacitance values of the symmetrical supercapacitors from 112.59 mF cm−2 to 145.5 mF cm−2.
1. Introduction

The rapid expansion of the rechargeable Li-ion battery (RLIB)
market has amplied potential risks in its upstream supply
chain, which consists of many “critical materials” such as
lithium, cobalt, nickel, and graphite.1 The growing need to
mitigate resource scarcity and environmental impact has led to
an increasing interest in recovering and reusing end-of-life
(EoL) components to fabricate low-cost functional materials
for new energy storage devices. Several recycling approaches
have been developed for RLIBs, including: (i) the mechanical
method, where electrode materials are separated from metallic
and polymeric crushing, grinding and/or magnetic separation;2

(ii) the thermal treatment method, in which organic additives
and binders are pyrolyzed at high temperatures to release the
electrode materials from the foils;3 (iii) mechano-chemical
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approaches, using reactive media such as CaO to decompose
poly(vinylidene uoride) (PVDF) at moderate temperatures
(z300 °C) without HF release;4 (iv) the pyrometallurgical
process, where pre-treated batteries are incinerated, converting
metals (Co, Ni, Fe) into alloys while lithium remains in the slag
fraction for later recovery;5 and (v) the hydrometallurgical
process, which dissolves metals using acid or alkaline solutions
for subsequent separation and purication.6 Recycling strate-
gies increasingly target the valorization of electrode composites
by: (a) employing spent battery powders in the oxidative poly-
merization of aniline and with recovered graphite, resulting in
polyaniline/graphite and polypyrrole/graphite composites being
obtained;7,8 and (b) recovery of single-walled carbon nanotubes
(SWNTs) and their use in the generation of new functional
groups in the presence of HNO3 accompanied by thermal
oxidation in air or the interaction of SWNTs with HCl and
thermal oxidation;9 and (c) PVDF decomposition from the spent
RLIB cathode.10,11 Although there is an important advance in the
use of electrode materials based on organic polymers, including
conductive polymers, in RLIBs,12,13 to the best of our knowledge,
little attention has been paid to the recovery and reuse of these
materials and their composites with carbon nanostructures.

In this work, we address this gap by recovering the
polydiphenylamine/multi-walled carbon nanotubes graed
with carboxyl groups (PDPA/MWCNT-COOH) composites from
EoL RLIB cathodes and reusing them as active materials for
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
supercapacitor electrodes. In this context, we note that PDPA
has attracted increasing attention due to its favorable electro-
chemical stability and structural robustness.14 Compared with
other conductive polymers such as polyaniline, PDPA exhibits
reduced volumetric changes during repeated redox processes
and improved cyclic stability, which are essential aspects for
long-term electrochemical applications.14 In addition, the rigid
aromatic structure of PDPA can contribute to a relatively wider
electrochemical operating window and suppress degradation
reactions, making it a suitable candidate as electrode active
material in energy storage systems.14 Therefore, PDPA was
selected in this work to make a trade-off between electro-
chemical performance and long-term stability. The separation
of the PDPA/MWCNT-COOH composite was monitored using
FTIR spectroscopy, Raman scattering, or surface-enhanced
Raman scattering (SERS) and X-ray diffraction. Considering
the increased interest in composites based on MWCNT func-
tionalized with compounds containing amine groups, such as
polyaniline, or conjugated mesoporous/microporous polymers
for applications in the eld of supercapacitors,15–17 the perfor-
mances of the supercapacitors using the electrodes prepared
from the recovered composite will be compared with the elec-
trodes prepared from the commercial compounds. This work
contributes to a better understanding of the separation of the
constituents of cathodes of spent RLIB and opens new avenues
for future research, which can aim to investigate in more deep
how the active materials based on the PDPA/MWCNT-COOH
composite recovered from cathodes of spent RLIB can be used
in various applications.
2. Experiments

Compounds diphenylamine (DPA, ACS reagent grade $99%),
multi-walled carbon nanotubes (MWCNTs, 98% carbon basis),
multi-walled carbon nanotubes graed with carboxylic groups
(MWCNT-COOH, >90% carbon basis), potassium dichromate
(K2Cr2O7, ACS reagent, $99.0%), sulfuric acid (H2SO4, ACS
reagent, 95.0–98.0%), acetonitrile (CH3CN, ACS reagent,
$99.5%), N,N-dimethylformamide (DMF, anhydrous, 99.8%),
ethanol (C2H5OH anhydrous $99.5%), N-methyl pyrrolidinone
(NMP, Biosynthesis OmniSolv®), polyvinyl uoride (PVDF),
chloroform (CHCl3, ACS reagent, $99.8%), lithium hexa-
uorophosphate (LiPF6), Li sheet, acetone (ACS reagent,
$99.5%), dibutyl phthalate (DBP, 99%), ethylene carbonate (EC,
battery grade, $99%, acid <10 ppm, H2O < 10 ppm) and
dimethyl carbonate (DMC, battery grade, $99.9%, acid
<10 ppm, H2O < 10 ppm) were purchased from Sigma-Aldrich
company. Outer diameter and length (O.D. x L) of MWCNT
and MWCNT-COOH were 6–13 nm × 2.5–20 mm, and 9.5 nm ×

1.5 mm, respectively.
Fig. 1 Chemical structure of PDPA-ES with repeating units containing
quinodiimine with bipolaronic-type structure (a) and a p-di-
phenylenediamine with polaronic-type structure (b), both repeating
units being doped with HSO4

− ions.
2.1 Synthesis of the PDPA/MWCNT-COOH-1 composite

The synthesis method of the PDPA/MWCNT-COOH-1 composite
is similar to that of PDPA, through the chemical polymerization
of DPA in the presence of multi-walled carbon nanotubes
(MWCNTs). The polydiphenylamine-emeraldine salt (PDPA-ES)
© 2026 The Author(s). Published by the Royal Society of Chemistry
synthesis method involves the dissolution of 1.12 mM DPA in
a solution of 50 ml H2SO4 0.5 M and 10 ml of DMF, resulting in
a colorless solution, and 2.678 mM K2Cr2O7 in 50 ml H2SO4

0.5 M, when an orange solution results. The two solutions are
mixed and homogenized under ultrasound for 5 min, when the
solution turns green. The reaction mixture is le to interact
under magnetic stirring for 2 hours, when a dark green
precipitate is observed, which is later ltered, washed with
500 ml H2O and 100 ml CH3CN, and dried to constant weight.
Similar to the chemical mechanism of the oxidative polymeri-
zation of DPA in the presence of ammonium persulfate
((NH4)2S2O8) and H2SO4 (ref. 18) also occurs in the case of the
chemical polymerization of DPA in the presence of K2Cr2O7 and
H2SO4. Briey, it involves the oxidation of DPA with the
formation of a cation radical, a species that is unstable and
which, through dimerization, can lead to both a quinodiimine
with bipolaronic-type structure and a p-diphenylenediamine
with polaronic-type structure. The growth of the macromolec-
ular chain leads to the obtaining of such a PDPA-ES having
structural units such as those shown in Fig. 1.

The synthesis of PDPA-EB involved the same steps as in the
case of PDPA-ES, with the only difference that aer the step of
ltering the dark green precipitate corresponding to PDPA-ES,
the interaction with 100 ml NH4OH 1 M takes place, the step
which is then followed by washing with 500 ml H2O and 100 ml
CH3CN, and then drying to constant mass. The solubility of
PDPA in the organic solvent N-methyl pyrrolidinone (NMP) was
equal to 3 mg ml−1 at a temperature of 25 °C.

In the case of PDPA/MWCNT-COOH-1 composite, the
synthesis involves the addition of 0.04 g of MWNT in the solu-
tion of DPA in H2SO4 and DMF, the other steps taking place as
above, the nal product corresponding to the mixture of PDPA/
MWCNT-COOH and MWCNT-COOH (labelled as PDPA/
MWCNT-COOH-1 composite) as will be shown below. The
preparation of PDPA/MWCNT-COOH-1 composite was repeated
at least 3 times.
2.2 Preparation of electrodes and assembly of lithium
rechargeable batteries

The electrodes were prepared by mixing 80 wt% active material,
i.e. the PDPA/MWCNT-COOH-1 sample, with PVDF (5 wt%) and
C Super P (15 wt%) in the presence of NMP, which was
RSC Adv., 2026, 16, 12302–12314 | 12303
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homogenized under magnetic stirring for 24 hours. The
resulting solution was deposited on Al current collectors using
the “Doctor blade” method to obtain lms with a thickness of
180 mm. The electrode was dried at 60 °C for 4 hours. Aer
drying, electrodes were obtained in the form of disks with
a diameter of 10 mm. The discs were dried in a vacuum at 80 °C
for 24 hours. The electrolyte used was LiPF6 in a 50 : 50 volu-
metric mixture of EC and DMC. The choice of an organic aprotic
electrolyte (LiPF6 in EC : DMC 50 : 50) has been motivated by its
wide electrochemical stability window, which enables operation
at higher cell voltages and thus higher energy density compared
to protic acidic electrolytes.19,20 Besides, the absence of protons
minimizes parasitic reactions and ensures chemical compati-
bility with charge storage mechanisms in RLIBs. The cells were
assembled by adding 80 mL of electrolyte in an Ar-lled glovebox
from MBraun, with a diameter of 10 mm was used as anode
material.

2.3 Synthesis of the PDPA/MWCNT-COOH-2 composite from
commercial products

The synthesis of the PDPA/MWCNT-COOH composite from
commercial products took place similarly to the aforemen-
tioned protocol. In the case of the PDPA/MWCNT-COOH-2
composite, the amount of MWCNT-COOH is equal to 0.02 g
in the reaction mixture. The preparation of PDPA/MWCNT-
COOH-2 composite was repeated at least 3 times.

2.4 The extraction of PDPA/MWCNT-COOH and MWCNT-
COOH from EoL rechargeable lithium-ion battery (RLIB)
cathodes

Considering the chemical composition of the spent RLIB
cathode, consisting of PDPA/MWCNT-COOH-1 (i.e., PDPA/
MWCNT-COOH and MWCNT-COOH), PVDF, carbon Super P,
and that during the charge–discharge processes, the chemical
adsorption of LiPF6 and the formation of Li2CO3 and Li2O on
the electrode surface took place,21 the following protocol was
used for the separation of the constituents aer the disassembly
of the cell. Aer collecting 0.23 g of electrodes containing as
active material the composite PDPA/MWCNT-COOH and
MWCNT-COOH, a wash with 100ml of distilled water took place
in order to eliminate salts adsorbed onto the electrode surface,
i.e., LiPF6, Li2CO3, and Li2O. By ultrasonication of electrodes
containing PDPA/MWCNT-COOH, PVDF, C Super P, and
MWCNT-COOH in 50 ml NMP for 20 min. and then ltration,
the separation of C Super P by the solution of MWCNT-COOH,
PDPA/MWCNT-COOH, and PVDF took place. The solution of
PDPA/MWCNT-COOH, MWCNT-COOH, and PVDF in NMP (50
ml) was interacted with C2H5OH (10 ml), known as a non-
solvent for PVDF, and then, by ltration, PVDF was separated
from the solution of PDPA/MWCNT-COOH and MWCNT-COOH
in NMP : C2H5OH 5 : 1 (volumetric ratio). By a controlled evap-
oration of NMP and C2H5OH, a powder of the mixture of PDPA/
MWCNT-COOH and MWCNT-COOH was obtained. This will be
used to prepare new electrodes to be used in symmetric
supercapacitor cells. The extraction protocol of the PDPA/
MWCNT-COOH and MWNT-COOH composite from RLIB
12304 | RSC Adv., 2026, 16, 12302–12314
cathodes at EoL was repeated 2 times, aer collecting 0.23 g of
electrodes.
2.5 The assembly of supercapacitor cells

The performance testing of the electrodes prepared above was
carried out using symmetrical supercapacitor cells, in which the
two electrodes contain as active material the composite PDPA/
MWCNT-COOH-1 or PDPA/MWCNT-COOH-2 and as electro-
lyte a Naon membrane activated with H2SO4 0.5 M according
to the Savinell method.22 The choice of protic acid electrolyte,
such as Naon membrane activated with H2SO4, was made
taking into account that such electrolytes are limited by proton-
driven side reactions and a narrow voltage window, which
makes them more suitable for electrochemical supercapacitor
cells than for RLIBs.23 The potential range in which the cyclic
voltammograms were recorded was (−0.2; +0.96) V. The elec-
trodes were prepared according to the protocol published in ref.
24. This protocol for the preparation of the electrodes involved
the use of 80% active material, 5% PVDF as a binding agent,
15% C Super P, 2 drops of DBP, and 1 ml of acetone. These
compounds were mixed for 12 hours to obtain a homogeneous
paste. The paste was spread on the surface of a glass slide, and
aer acetone evaporation, the resulting lm was peeled and
washed with diethyl ether to remove DBP, the lm being cut
into circles with a diameter of 8 cm. The electrode preparation
was repeated at least 4 times. The electrodes were assembled in
Swagelok cells. In order to eliminate the short circuit, a plastic
sleeve was used as an insulator between the collector and the
steel support of the Swagelok cells. A comparative evaluation of
the performance of supercapacitors with PDPA/MWCNT-COOH-
1 and PDPA/MWCNT-COOH-2 composites as active materials is
presented using PDPA-ES and PDPA/MWCNT. The PDPA/
MWCNT composite was obtained by solid-state interaction of
PDPA-ES with MWCNT, by grinding, resulting in PDPA/MWCNT
composites with a MWCNT concentration of 5 wt%.
2.6 Optical, structural, and electrochemical characterization
of composite materials

The optical characterization of the PDPA/MWCNT-COOH-1 and
PDPA/MWCNT-COOH-2 composites was performed by Raman
scattering and FTIR spectroscopy. Raman spectra were recorded
with the FT Raman spectrophotometer, MultiRaman model,
from Bruker, at the excitation wavelength of 1064 nm. FTIR
spectra were recorded with the FTIR spectrophotometer, model
Vertex 80, from Bruker.

The structural properties were highlighted by X-ray diffrac-
tion (XRD). The XRD diagrams were obtained with an Anton-
Paar XRDynamic 500 diffractometer, with Cu K(a) radiation (l
= 1.5406 Å), equipped with a 1D Pixos 2000-type detector. The
measurements were recorded in a Bragg–Brentano mono-
chromator conguration using a step of 0.03° and a dwell time
of 1 s per pixel.

In the case of XPS spectra, a SPECS type XPS spectrometer
was used, equipped with a PHOIBOS 150 analyzer and a 300 W
monochromatic RX source, Al Ka – 1486.61 eV.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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TG and DSC analyses were performed with a simultaneous
thermal analysis system, STA 449 F3 Jupiter from Netzsch, in
TG-DSC mode. Samples with masses of approx. 6–8 mg were
introduced into alumina crucibles, uncovered and heated from
room temperature to 1000 °C in an inert Argon atmosphere,
using a gas ow rate of 20 ml min−1. For all samples, the
standard heating rate of 10 °C min−1 was used. The accuracy of
the heat ux measurements (DSC signal) was ±0.001 mW, and
the temperature accuracy was ±0.01 °C. Samples were also
investigated in synthetic air (20% O2 and 80% N2), from room
temperature to 1000 °C, using a heating rate of 10 °C min−1 and
a heat ow rate of 20 ml min−1.

Testing of rechargeable lithium batteries was performed by
galvanostatic charge/dischargemeasurements using a NEWARE
BTS4000 battery cycler.

The electrochemical supercapacitors were tested using cyclic
voltammetry, the voltammograms being recorded with an Ori-
gaex multi-channel potentiostat from Origalys.

To ensure reproducibility of results, the Raman and FTIR
spectra were collected from at least three independent samples.
In the case of Raman spectra, for each sample Raman spectra
were recorded by 200 of accumulations, the laser power being
equal to 25 mW. In the case of FTIR spectra, each spectrum was
recorded using 64 accumulations. The XPS spectra, XRD, and
TG-DSC diagrams were collected only by one run. In the case of
the electrochemical measurements, these were repeated 2 times
on independently prepared samples.
3. Results and discussion
3.1 Optical and structural characterization of PDPA/
MWCNT-COOH-1 composites and their applications in the
RLIBs eld

Fig. 2 shows Raman spectra of the PDPA-ES, PDPA/MWCNT-
COOH-1, and MWCNT. According to Fig. 2a, the Raman spec-
trum of MWNT highlights two Raman lines at 1286 and
1597 cm−1, assigned to the defects and/or disorder state in the
graphitic lattice of MWCNT (labelled as D band) and the
Fig. 2 Raman spectra of MWCNT (a), the PDPA/MWCNT-COOH-1
composite (b), PDPA (c), and MWCNT-COOH (d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
tangential vibration mode (labelled as G band), whose ratio
between the intensities of the D and G bands is equal to 1.17.25

The D and G bands of the Raman spectrum of MWCNT-
COOH are peaked at 1284 and 1601 cm−1 (Fig. 2d). The ratio
between the D and G bands in the case of MWCNT-COOH is
equal to 1.79. The increase in the intensity of the D band is
a consequence of the defects induced by the presence of
carboxylic groups on the MWCNT surface, when some C]C
bonds involving carbon atoms with sp2 hybridization are
transformed into C–C bonds involving carbon atoms with sp3

hybridization. Raman spectrum of the PDPA/MWCNT-COOH-1
composite (Fig. 2b) highlights that the Raman line related to
the tangential vibrational mode of MWCNT is shied to
1603 cm−1. An explanation for this behavior must take into
account that PDPA shows a Raman line at 1610 cm−1 assigned
to the vibrational mode C–C stretching in the benzene (B) ring.24

A rst argument that the surface of MWCNTs is co-
functionalized with carboxylic groups and PDPA consists in
the change in the ratio between the intensities of the Raman
lines from 1286 and 1603 cm−1, this being subunitary (0.72) in
the case of the PDPA/MWCNT-COOH-1 composite, unlike the
supra-unitary values of this ratio in the case of MWCNT (Fig. 2a)
and MWCNT-COOH (Fig. 2d). This change can be explained
considering: (a) a potential interaction of carboxylic groups of
MWCNT-COOH with amine groups of PDPA; (b) coating
MWCNT-COOH with PDPA, when there is a reduction in Raman
light scattering from areas related to the defect state of carbon
nanotubes; in this context, we observe in the Raman spectrum
of PDPA-ES (Fig. 2c), that the most intense line is peaked at
1622 cm−1, this being assigned to the vibrational mode C–C
stretching in the benzene ring.26 The other Raman lines of
PDPA-ES having maxima at 1120, 1176, 1257, 1325, 1362, 1489
and 1583 cm−1 have been assigned to the vibrational modes
C–C stretching + C–H bending, C–H bending in the benzene
ring, Caromatic–N in the entities of the type N,N0-di-
phenylbenzidine radical cations, C–C stretching (B) + C–H
bending (B), C]N stretching, and C]C stretching in the
quinoid ring;26,27 and (c) p–p interactions at the MWNT-COOH
and PDPA interface that can partially restore the sp2

conjugation.
Complementary information regarding the vibrational

properties of the PDPA/CNT composite is further presented by
FTIR spectroscopy in Fig. 3.

Fig. 3a shows the FTIR spectrum of PDPA-ES, which high-
lights IR bands with maxima at 694–748, 823, 1174, 1236, 1277,
1319, 1504, and 1595 cm−1, that are assigned to the vibrational
modes of the monosubstituted phenyl ring, the out-of-plane
C–H bending vibration of 4, 40-substituted ring, in-plane
bending C–H of aromatic ring, Caromatic ring–N bond, stretch-
ing C–C between two rings, C]N bond, C–C stretching in 4,40-
substituted benzoid ring and quinoid ring, respectively.18,28,29

The IR band, which peaked at 1047 cm−1, is assigned to the
vibrational mode of the S]O bond.18 Fig. 3b shows the FTIR
spectrum of the PDPA/MWCNT-COOH-1 composite, which
highlights IR bands at ∼694–748, 819, 1055, 1076, 1172, 1317,
1500, 1595, and 1694 cm−1. The shi of the IR band from
1047 cm−1 to 1055 cm−1 is induced by the presence of an IR
RSC Adv., 2026, 16, 12302–12314 | 12305
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Fig. 3 FTIR spectra of PDPA-ES (a), PDPA/MWCNT-COOH-1 (b) and
PDPA-EB (c).

Fig. 4 Galvanostatic charge–discharge curves of RLIB of the type (−)
Li/PDPA/MWCNT-COOH-1(+) composite (a). The evolution of the
discharge capacity as a function of the cycles number at 0.1C (b), 1C
(c), and 10C (d).
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band from 1076 cm−1, which is not far from the one reported at
1095 cm−1, which has been assigned to the vibrational mode of
the C]C bond in MWCNT.30 The IR band from 1694 cm−1 is
assigned to the carboxylic groups (-COOH), which appear on the
MWCNTs surface as a consequence of the interaction of
MWCNT with K2Cr2O7 and H2SO4.31 A rst conclusion of these
studies is that the chemical polymerization of DPA in the
presence of MWCNT leads to a mixture of MWCNT-COOH and
MWCNT-COOH functionalized with PDPA (PDPA/MWCNT-
COOH). According to Fig. 3c, the FTIR spectrum of PDPA-EB
shows the main differences compared to the FTIR spectrum
of PDPA-ES, the absence of the IR band at 1047 cm−1, and the
presence of the IR band at 1650 cm−1, assigned to quinodiimine
groups.18 Using to calculate the degree of oxidation, the formula
used in the case of polyaniline.32

x + [x(AQ/AB)] = 1,

where x, AQ, and AB correspond to the degree of oxidation, the
absorbance of the IR bands at 1595 and 1504 cm−1 attributed to
vibrational modes C–C stretching deformation in 4,40-
substituted quinoid and benzoid ring, we determined that the
degree of oxidation is 0.524.

As noted above, this mixture will be labelled further as the
PDPA/MWCNT-COOH-1 composite. The testing of the PDPA/
MWCNT-COOH-1 composite as an active material in the
cathode of RLIB until the stage of the EoL is presented in Fig. 4.

Thus, Fig. 3 shows the galvanostatic charge–discharge curves
of a lithium-ion cell of the type (−)Li/PDPA/MWCNT-COOH-1(+)
composite, obtained at a constant current density. The char-
acteristic shape of the curves highlights the reversible redox
processes associated with the electrochemical cycling of the
mixture of MWCNT-COOH and PDPA/MWCNT-COOH-1
composite. Fig. 4 shows the presence of well-dened voltage
plateaus both during the charging and discharging processes,
which suggests the existence of intercalation and de-
intercalation processes of Li+ ions relatively well dened
12306 | RSC Adv., 2026, 16, 12302–12314
energetically. The stability and reproducibility of these plateaus
over successive cycles indicate a good reversibility of the redox
reactions, specic to the interaction between the conductive
polymer matrix and the carbon phase. The potential differences
between the charge and discharge branches (electrochemical
hysteresis) are moderate, denoting an acceptable internal
resistance and relatively low energy losses. However, a gradual
increase in polarization at subsequent cycles could indicate the
progressive formation of the solid–electrolyte interfacial layer or
a slight degradation of the electrical contact between the active
phases. The comparative analysis of Fig. 4b–d shows that the
general shape of the curves is preserved, but a slight decrease in
the discharged capacity can be observed, a phenomenon
attributed to possible initial irreversible processes and micro-
structural restructuring of the composite cathode. This trend is
typical of organic and hybrid materials, where long-term
stability depends on the balance between polymer exibility
and carbon network stiffness. The discharge capacity varies
from 80mA h g−1 to 40mA h g−1 when the load increases during
the charging/discharging processes.
3.2 Optical and structural characterization of the
compounds separated from the cathodes of the spent RLIB

To highlight the chemical compounds recovered from the RLIB
cathodes that reached aer 100 galvanostatic charge–discharge
(GCD) cycles at capacitance values of 40 mA h g−1, the Raman
spectra of the recovered compounds are presented below.

Fig. 5 shows the Raman and FTIR spectra of the compounds
recovered from the cathodes of RLIB at EoL.

Thus, Fig. 5a shows the Raman spectrum of the cathode aer
the elimination of inorganic compounds such as LiPF6, Li2CO3,

and Li2O. According to Fig. 4a, the Raman spectrum is domi-
nated by two intense bands with maxima located at 1287 and
1601 cm−1, which correspond to the vibration modes of carbon
atoms with sp3 hybridization (labelled as D band) and the
respective sp2 (labelled as G band) existing in the compounds of
the type C Super P, and PDPA/MWCNT-COOH-1.25,33 According
to Fig. 5a, the ratio between the intensities of the D and G bands
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Raman spectra of: (a) the electrode containing PDPA/MWCNT-
COOH-1 (PDPA/MWCNT-COOH, and MWCNT-COOH), PVDF,
carbon Super P, Li2CO3, Li2O, and LiPF6; (b) PDPA/MWCNT-COOH-1,
and PVDF; and (c) PDPA/MWCNT-COOH-1, and MWCNT-COOH,
labelled as PDPA/MWCNT-COOH-2. FTIR spectra of: (d) the electrode
containing PDPA/MWCNT-COOH-1 (PDPA/MWCNT-COOH, and
MWCNT-COOH), PVDF, carbon Super P, Li2CO3, Li2O, and LiPF6; (e)
PDPA/MWCNT-COOH-1, and PVDF; and (f) PDPA/MWCNT-COOH-1,
and MWCNT-COOH, labelled as PDPA/MWCNT-COOH-2.
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is equal to ∼1.27. Fig. 5b shows the SERS spectrum of the
mixture of PVDF and PDPA/MWCNT-COOH-1 deposited as
a lm of approx. 200 nm, on Au support, prepared according to
ref. 34, by evaporating NMP under high vacuum for 2 hours.
Fig. 5b illustrates the presence of the following Raman lines
located at:

(i) 407, 1170, 1354, and 1465 cm−1, which belong to PDPA
being attributed to the vibrational modes of deformation of the
aromatic ring of the polymer, the vibration of the C–H bond in
the benzene ring (Ag model), the protonated structure of the
polymer, and the stretching vibration of the C]C bond in the
quinoid ring of PDPA;21

(ii) 1287 and 1597 cm−1, which correspond to the D and G
bands of carbon nanotubes in PDPA/MWCNT-COOH-1
composite; the ratio between the intensities of bands D and G
becomes equal to 0.94 (Fig. 5b), a value which is lower than that
determined in the case of Fig. 5a, as a consequence of the
elimination of C Super P, with the amorphous structure, which
shows an important contribution to the intensity of the D band,
allowing the highlighting of the defect states of the MWCNTs
co-functionalized with carboxyl groups and PDPA; and

(iii) 1056 cm−1, which belongs to the vibration mode of
symmetric stretching of the CF2 bond and swinging of the CH2

bond of PVDF.35
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 5c shows the Raman spectrum of PDPA/MWCNT-COOH-
2, which is characterized by the two Raman lines at 1287 and
1601 cm−1, having a ratio of the two bands equal to∼1.2, a value
that is higher than that mentioned in the case of the PDPA/
MWCNT-COOH-1 composite prepared from commercial
compounds (0.72, Fig. 2b). This result indicates a higher
disorder in the case of the PDPA/MWCNT-COOH-2 composite
recovered from the RLIB cathode than that prepared from
commercial compounds, i.e., PDPA/MWCNT-COOH-1, which,
in our opinion, can be explained by considering both the
processes that occur during the GCD cycles and during the
separation of the composite from the RLIB cathode. In this
context, we believe that a contribution to the higher disorder
state of the PDPA/MWCNT-COOH-2 composite can be given by:
(i) the mechanical stress induced during the GCD cycles, when
defects in the MWCNT walls are produced; (ii) the interaction of
the composite with Li2CO3 which is generated during GCD
cycles and can lead to the appearance of new C–C bonds having
the carbon with sp3 hybridization on the MWCNT surface; (iii)
the insertion/de-insertion of Li+ ions which distort the sp2

lattice of the MWCNT, and last but not least; (iv) the ultra-
sonication processes used during the separation steps of the
composite from the other constituents of the cathode.

Fig. 5d shows the IR spectrum of the cathode containing
PDPA/MWCNT-COOH-2, PVDF, carbon Super P, Li2CO3, Li2O,
and LiPF6, which highlights the following IR bands with
maxima located at 694, 748, 823, 877, 1072, 1184, 1317, 1400,
1502, 1595, and 3730 cm−1. The IR bands at 877, 1070, 1184,
and 1400 cm−1 (Fig. 5d) are located in the vicinity of the IR
bands of PVDF, which have maxima at ∼877, 1070, 1186 and
1404 cm−1, they being attributed to the vibrational modes of
asymmetric stretching of the C–C and CF2 bonds, the symmetric
stretching vibration of the C–C bond + the rocking vibration of
the bonds – CF2 and CH2, and respectively the rocking vibration
of the CH2 bond and the asymmetric stretching of the C–C bond
specic to the b crystalline form and/or g of PVDF.36,37 The IR
band at 3730 cm−1 in Fig. 5d is located near the IR band
observed in the case of the mixture of PDPA/MWCNT-COOH-1,
and PVDF (3728 cm−1, Fig. 5e) and of the PDPA/MWCNT-
COOH-2 composite (−3736 cm−1, Fig. 5f). The IR bands at
694, 748, 1317, 1502 and 1595 cm−1 (Fig. 5d) are located in the
vicinity of those observed in Fig. 3 which are located at 694, 748,
1320, 1504 and 1595 and 1595 cm−1, which are characteristic of
PDPA vibrations, these being attributed to the vibrational mode
of inter-ring deformation, the deformation of the benzene ring,
the stretching of the Caromatic–N bond, the stretching of the C–C
bond + the C–H bond and the stretching of the C–C bond in the
benzene ring.27,28 The presence of the IR band from 1693 cm−1

in the PDPA/MWCNT-COOH-2 composite (Fig. 5f), having the
absorbance superior to the IR band of the PDPA/MWCNT-
COOH-1 composite (Fig. 3b), clearly proves the presence of
a higher proportion of carboxyl groups in the case of the
composite recovered from the spent RLIB cathode. The IR band
at 3728–3730 cm−1 is assigned to the O–H stretching vibrational
mode of the carboxylic groups in PDPA/MWCNT-COOH-1. Its
absorbance is very low as a consequence of the presence in the
vicinity of the PDPA/MWCNT-COOH-1 composite of other
RSC Adv., 2026, 16, 12302–12314 | 12307
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compounds of the type: (i) PVDF, and C-Super P, when
processes of shielding of O–H sites from composite by PVDF
and C-Super P can occur and (ii) the formation of new hydrogen
bonds between the OH bond of the PDPA/MWCNT-COOH-1
composite and the oxygen of Li2O can take place. In the case
of the FTIR spectrum of PDPA/MWCNT-COOH-2 (Fig. 5f) one
observes that the IR band assigned to the O–H stretching
vibrational mode of the carboxylic groups shis to 3736 cm−1,
simultaneously with its increase in absorbance and the
appearance of a new IR band at 3620 cm−1. These changes
indicate the absence of the shielding process of the O–H sites
from the PDPA/MWCNT-COOH-2 composite, facilitating the
formation of intermolecular hydrogen bonds, of the type
H/N–H and N–H/O.

The additional information concerning the bonds existing in
MWCNT, MWCNT-COOH, PDPA/MWCNT-COOH-1, and PDPA/
MWCNT-COOH-2 is shown by XPS in Fig. 6.

The deconvoluted XPS C 1s spectra of MWCNT andMWCNT-
COOH show ve peaks at 284, 285, 286.2, 287.7–287.9, and
Fig. 6 XPS C 1s, O 1s, and N 1s spectra of the mixture of PDPA/
MWCNT-COOH-1 and MWCNT-COOH (a–c), MWCNT (d and e),
PDPA/MWCNT-COOH-2 (f–h), and MWCNT-COOH (i and j).

12308 | RSC Adv., 2026, 16, 12302–12314
290.3–290.2 eV, which are assigned to the sp2 hybridized
carbon, sp3 hybridized carbon in C–C bond, C–N bonds, C–O/
C]O bonds, and p–p transitions.38,39 The deconvoluted XPS O
1s spectrum of MWCNT highlights two peaks at 533.1 and
531.7 eV, assigned to the C–O bond/adsorbed water molecules
and C]O bond,38 while in the case of MWCNT-COOH, XPS O 1s
spectrum shows three peaks at 532.5, 531.1, and 529.7 eV
belonging to the bonds C–O and C]O in the carboxylic group
and C]O in quinone state.38,40,41 Detailed analysis of the XPS
spectra of the two composites shows that:

(a) The deconvolution of the XPS C1s spectra of the PDPA/
MWCNT-COOH-1 composite is characterized by three peaks
located at 284.2, 284.9, and 286 eV, while in the case of the
PDPA/MWCNT-COOH-2 composite, the peaks are at 284.1, 285,
286.1, and 288.1 eV. The peaks at 284.2–284.1, 284.9–285, 286.1–
286, and 288.1 eV are assigned to the bonds C]C, C–C/C–H, C–
O/C–N, and C]C–O/COOH.41

(b) The deconvolution of the XPS O1s spectra highlights, in
the case of the composites: (b1) PDPA/MWCNT-COOH-1, three
peaks located at 531.3, 532.2, and 533.5 eV, and (b2) PDPA/
MWCNT-COOH-2, three peaks located at 531.4 eV, 532.2 eV,
and 533.2 eV. The three peaks situated at 531.4–531.3, 532.2,
and 533.5–533.2 eV have been assigned to the bonds C]O, C–
O–C, and C–O– in COOH.38

(c) The deconvolution of the XPS N 1s spectrum of the PDPA/
MWCNT-COOH-1 composite highlights two peaks at 399.8 eV
and 402.2 eV, which, in the case of the PDPA/MWCNT-COOH-2
composite, are located at 399.8 eV and 402 eV. The two peaks at
402 and 399.8 eV are attributed to the C–N+ and C–N bonds.42

The ratio between the area of the peaks at 402 and 399.8 eV in
the case of the composites PDPA/MWCNT-COOH-1 and PDPA/
MWCNT-COOH-2, is equal to 0.46 and 0.72. This result indi-
cates that a pseudo-protonic doping process takes place in the
case of the composite recovered from the spent RLIB, which
must be understood as an interaction between the PDPA/
MWCNT-COOH-1 composite with MWCNT-COOH. The inu-
ence of these modications reported by XPS studies will be
correlated in the following with the information resulting from
XRD analyses. Thus, information about the crystalline structure
of the composites PDPA/MWCNT-COOH-1 and PDPA/MWCNT-
COOH-2 is shown in Fig. 7, which shows XRD diagrams of: (i)
PDPA, (ii) PVDF, (iii) MWCNT-COOH, (iv) the PDPA/MWCNT-
COOH-1 composite, (v) the mixture PDPA/MWCNT-COOH-1
and PVDF, and (vi) the PDPA/MWCNT-COOH-2 composite.
The XRD spectra of the samples containing PDPA and PVDF
show a crystalline structure.

The main peaks observed in XRD diagrams prove that: (i)
PVDF is in the g state [PDF 00-061-1406]; (ii) the most intense
peak in the XRD diagram in the case of the MWCNT-COOH
sample at 25.3° corresponds to the crystal plane (002), this
being accompanied of other two peaks of low intensity at 2q
equal to 42.3° and 53.5° which have been assigned to the crys-
talline planes (101) and (104);43 and (iii) the peaks located at 18°
and 21° correspond to the crystal planes (110) and (018) of
PDPA.44 The peaks in the XRD diagrams characteristic of the
(002) plane of MWCNT-COOH become of reduced intensity in
the case of the PDPA/MWCNT-COOH-2 composite as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XRD diagrams of: (a) PDPA-ES, (b) PVDF; (c) MWCNT-COOH;
(d) the PDPA/MWCNT-COOH-1 composite, (e) the sample containing
PDPA/MWCNT-COOH-1 and PVDF; and (f) PDPA/MWCNT-COOH-2.

Fig. 8 TG-DSC curves of the samples of MWCNT (a), MWCNT-COOH
(b), PDPA/MWCNT-COOH-1 (c), and PDPA/MWCNT-COOH-2 (d)
recorded in an inert Argon atmosphere.

Fig. 9 TG-DSC curves of the samples of MWCNT-COOH (a), PDPA/
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a consequence of a diminished graphitic order, while the
reections associated with the crystalline phases of PDPA (110)
and (018) are maintained, conrming the stability of the doped
phase of the PDPA/MWCNT-COOH-1 composite. Based on the
XPS and XRD studies, we conclude that the RLIB cycling process
and the separation process of the composite from the used RLIB
cathode introduced sp3 defects and modied the interactions
between MWCNT–COOH and the PDPA/MWCNT-COOH-1
composite, without completely destroying the crystalline
structure of the conducting polymer.

Concerning the thermal stability of the two composites,
Fig. 8 shows the TG-DSC curves, recorded in an inert Argon
atmosphere, measured on the PDPA/MWCNT-COOH-1 and
PDPA/MWCNT-COOH-2 composites, as well as MWCNT, and
MWCNT-COOH.

Studies on the thermal stability of carbon nanotubes have
highlighted some essential parameters that inuence the
thermal behavior of these materials, such as the working
atmosphere (oxidative or inert), the heating rate, as well as the
shape and thickness of the materials.45 According to the re-
ported data, the thermal degradation of carbon nanotubes in an
oxidizing atmosphere occurs at lower temperatures (i.e., 500–
700 °C) compared to measurements taken in an inert atmo-
sphere, where the materials could be stable up to 800 °C. In our
case, the two composites, PDPA/MWCNT-COOH-1 (Fig. 8c) and
PDPA/MWCNT-COOH-2 (Fig. 8d), exhibited similar thermal
behavior, in which the stability of the nanotubes is not signi-
cantly inuenced by the groups with which they were func-
tionalized. According to the characteristic TG-DSC curves, both
samples exhibit a single-step thermal decomposition process,
© 2026 The Author(s). Published by the Royal Society of Chemistry
with mass losses of 44% for PDPA/MWCNT-COOH-1 and 65%
for PDPA/MWCNT-COOH-2, respectively. The maximum
decomposition temperatures are approximately 842 °C for the
PDPA/MWCNT-COOH-1 sample and approximately 700 °C for
PDPA/MWCNT-COOH-2. These values do not differ signicantly
from the MWNT (Fig. 8a) and MWCNT-COOH-2 (Fig. 8b)
samples, respectively. These two samples are characterized by
very close weight losses (38% MWCNT versus 37% MWCNT-
COOH-2) and a difference of approximately 100 °C in decom-
position temperatures, with a maximum of 755 °C for MWCNT
versus 833 °C for MWCNT-COOH.

These results are consistent with the higher share of C–O–C
bonds in the case of the PDPA/MWCNT-COOH-2 sample
(Fig. 6g) in contrast with the PDPA/MWCNT-COOH-1 composite
(Fig. 6b) and MWCNT-COOH (Fig. 6h), as observed in the XPS
O1s spectra through the peak at 532.5 eV.

Fig. 9 shows the TG-DSC curves in synthetic air (20% O2 and
80% N2).

According to Fig. 9b and c, the thermal behavior of PDPA/
MWNT-COOH-1 and PDPA/MWCNT-COOH-2 is similar. The
TG signals showed that both samples have very close residual
masses (e.g., 74.61% for PDPA/MWCNT-COOH-1 vs. 75.36% for
MWCNT-COOH-1 (b), and PDPA/MWCNT-COOH-2 (c).

RSC Adv., 2026, 16, 12302–12314 | 12309
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Fig. 10 Dependence of cyclic voltammograms of symmetrical
electrochemical supercapacitors having electrodes containing the
PDPA/MWCNT-COOH-1 (a) and PDPA/MWCNT-COOH-2 (b)
composites as active electrodematerial, when the scanning rate of the
potential in the potential range (−0.2; +0.96) V is equal to 10, 25, 50,
100, and 200 mV s−1. Dependence of the anodic and cathodic

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 1

:0
8:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PDPA/MWCNT-COOH-2), which means that there are no
differences in their degradation mechanisms. This aspect is
also conrmed by the two DSC curves, where it can be observed
the presence of two exothermic peaks with very close values of
their maxima (457 °C and 571 °C for PDPA/MWCNT-COOH-1
and 450 °C and 568 °C for sample PDPA/MWCNT-COOH-2),
along with two endothermic peaks occurring at 698 °C for
sample PDPA/MWCNT-COOH-1 and 705 °C for the second one.
The MWNT-COOH sample (Fig. 9a) exhibits a one-step thermal
degradation with a mass loss of ∼49% up to 630 °C accompa-
nied by a pronounced exothermal peak on the DSC curve with
the maximum around 577 °C. This behavior is similar to that
observed in the Ar experiment, the only difference being that
the thermal degradation temperature is lower in synthetic air
compared to the inert atmosphere (i.e., 577 °C versus 833 °C).
Compared to the measurements carried out in an inert atmo-
sphere, a decrease in the thermal stability of the materials can
be observed, the thermal degradation in air being realized at
lower temperatures (about 100 °C lower) due to oxidation
processes that favor strongly exothermic reactions. These
processes are conrmed by the behavior of the DSC curves,
showing pronounced exothermic peaks in the reaction with
synthetic air than in Ar. The TG curves showed lower mass
losses for samples measured in the oxidative atmosphere than
in Ar, due to the fact that, before thermal degradation starts,
oxygen can interact with the surfaces of the materials, leading to
the formation of oxygen-containing groups (e.g., –C]O, –COO–,
etc.) that can temporarily increase the masses.46
currents on the scanning rate of potential in the case of the
composites PDPA/MWCNT-COOH-1 (c and d) and PDPA/MWCNT-
COOH-2 (e and f). In (c) and (e), the anodic current densities are read at
a potential of +0.37 V, while in (d) and (f), the cathodic current densities
are read at the potential of −0.37 V.

Fig. 11 Dependence of cyclic voltammograms of symmetrical
electrochemical supercapacitors having electrodes containing the
PDPA/MWCNT composite (a) and PDPA-ES (b) as active electrode
material, when the scanning rate of the potential in the potential range
(−0.2; +0.96) V is equal to 10, 25, 50, 100, and 200 mV s−1.
3.3 Preliminary studies on the use of composites PDPA/
MWCNT-COOH as active electrode materials in
supercapacitor cells

Fig. 10a and b highlight the dependence of the cyclic voltam-
mograms on the scanning rate of the potential in the case of
supercapacitors having electrodes containing the PDPA/
MWCNT-COOH-1 and PDPA/MWCNT-COOH-2 composites as
active material.

Regardless of the active material of the electrodes, a rectan-
gular prole of the cyclic voltammograms is observed in the two
cases (Fig. 10a and b), which is characteristic of the electric
double layer in the absence of a faradaic process. This rectan-
gular prole of the cyclic voltammograms is also observed in the
case of supercapacitors having the PDPA/MWCNT composite
and PDPA-ES as electrode active material (Fig. 11a and b).

Fig. 10c and d highlight that in the cases of the PDPA/
MWCNT-COOH-1 and PDPA/MWCNT-COOH-2 composites,
a dependence of the anodic and cathodic current densities as
a function of the scan rate of the potential is remarked.
Generally, current densities show two components, one is
related to the double-layer charge at the interface electrode/
electrolyte interface, and another is induced by the intercala-
tion processes, which are controlled by diffusion. The contri-
bution of the two processes, i.e. capacitive and diffusion, can be
determined using the equation: i(V) = axvb, where i and v
correspond to current density (A cm−2) and potential scan rate
(mV s−1), while a and b are two constants.47 The plot of ln(i) vs.
12310 | RSC Adv., 2026, 16, 12302–12314
ln(v) allows the determination of the values of the constants
a and b. The value of the constant b can vary as follows: (a) when
b = 1, which indicates that redox reactions occur at the
electrode/electrolyte interface and that the charging/
discharging processes of the electric double layer capacitors
(EDLCs), (b) when 0.8 < b < 1, the active electrode material
exhibits pseudocapacitive behavior, and (c) when 0.5 < b < 0.8,
the active electrode material exhibits battery-like behavior.37

According to Fig. 10c–f, the electrodes based on composites
© 2026 The Author(s). Published by the Royal Society of Chemistry
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PDPA/MWCNT-COOH-1 and PDPA/MWCNT-COOH-2 show
a battery-like behavior.

To evaluate the contribution in the cyclic voltammograms of
the surface capacitive processes and the diffusion-controlled
intercalation process, the protocol described in ref. 47. Briey,
it involves using eqn (1):

i(V) = k1v + k2v
1/2 (1)

where i(V) is the current density at a xed potential, while k1v
and k2v

1/2 correspond to the weight of the capacitive effect and
the interleaving process, where k1 and k2 were determined by
tting the dependence with a straight line i(V)/v1/2 vs. v1/2.

The analysis of Fig. 12a–c highlights a more important
contribution of the capacitance in the case of supercapacitors
containing as active electrode material PDPA/MWCNT-COOH-1
composite in comparison with supercapacitors having as active
electrode material PDPA/MWCNT-COOH-2 composite. At the
scanning rate of the potential of 100 mV s−1, the capacitance of
the symmetric supercapacitors having electrodes containing the
PDPA/MWCNT-COOH-1 and PDPA/MWCNT-COOH-2 compos-
ites as active electrode material is equal to 136.6 mF cm−2 and
112.59 mF cm−2, respectively, when the concentration of active
material in the electrode mass is 80 wt%.

Fig. S1 shows the dependence of capacitance on the concen-
tration of the PDPA/MWCNT-COOH-2 composite in electrode
mass, as well as the variation of capacitance of the super-
capacitors having the composites PDPA/MWCNT-COOH-1 and
PDPA/MWCNT-COOH-2 as electrode active material. Increasing
the concentration of PDPA/MWCNT-COOH-2 active material in
the electrode mass 80 wt% to 82 wt% and 84 wt% leads to an
increase in the capacitance of symmetrical supercapacitors from
112.59 mF cm−2 to 129.8 mF cm−2 and 145.5 mF cm−2,
Fig. 12 Deconvolution of the intercalation process (magenta area) and
capacity (white area) in the case of the supercapacitor cells having
electrodes containing the PDPA/MWCNT-COOH-1 (a) and PDPA/
MWCNT-COOH-2 (b) composites as active electrode material.
Contribution ratio between capacitive and diffusion processes in the
case of electrodes containing the PDPA/MWCNT-COOH-1 and PDPA/
MWCNT-COOH-2 (c).

© 2026 The Author(s). Published by the Royal Society of Chemistry
respectively (Fig. S1a). As the potential scan rate decreases from
200mV s−1 to 10mV s−1, it is observed that the capacitance varies
in the case of electrodes containing as active material: (a) the
PDPA/MWCNT-COOH-1 composite from 81 mF cm−2 to 305.17
mF cm−2 and (b) the PDPA/MWCNT-COOH-2 composite from
72.76 mF cm−2 to 289.65 mF cm−2 (Fig. S1b). The lower capaci-
tance values in the case of PDPA/MWCNT-COOH-2, compared to
those of PDPA/MWCNT-COOH-1 (Fig. S1b), regardless of the
potential scan rate value, can be explained by the defects induced
in the carbon nanotubes during the charge/discharge process
and the separation process from the spent RLIB cathodes, visu-
alized in the XPS spectra by increasing the weight of C–O–C
bonds (Fig. 6g). Considering that the cycle stability of super-
capacitors is a key indicator for evaluating their practical appli-
cation potential, Fig. S2 shows the dependence of capacitance on
the number of charge–discharge cycles in the case of PDPA-ES
and the PDPA/MWNT, PDPA/MWNT-COOH-1, and PDPA/
MWNT-COOH-2 composites. Higher capacitance values of
supercapacitors having as active electrode materials PDPA/
MWCNT-COOH-1, PDPA/MWCNT-COOH-2 and PDPA/MWNT
composites equal to 136.6 mF cm−2, 112.59, and 109.82 mF
cm−2 are reported compared to the capacitance of PDPA equal to
66.13 mF cm−2, as a consequence of better ionic diffusion and
the presence of more accessible redox sites in the composite
materials. The evolution of the capacitance of these super-
capacitors, when the voltammograms are recorded at a rate of
100 mV s−1, shows a decrease in capacitance as the number of
cycles increases. Increasing the number of cyclic voltammograms
from 1 to 8000 implies variations in the case of supercapacitors
with electrode materials of the following types: (a) PDPA/
MWCNT-COOH-1 from 136.6 mF cm−2 to 91.23 mF cm−2, (b)
PDPA/MWCNT-COOH-2, from 112.59 mF cm−2 to 83.13 mF
cm−2, (c) PDPA/MWCNT, from 109.82 mF cm−2 to 86.8 mF cm−2

and (d) PDPA, from 66.13 mF cm−2 to 32.11 mF cm−2. Discharge
capacity losses of approximately 22%, 16.3%, 20.96% and 51.44%
were reported for supercapacitor cells with PDPA/MWCNT-
COOH-1, PDPA/MWCNT-COOH-2, PDPA/MWCNT, and PDPA as
active electrode materials, respectively. The values of the initial
capacitance decrease obtained for the composites prepared by
chemical polymerization in the present work are lower than those
reported by Aydinli et al.48 or Parul et al.,49 which indicates
a superior electrochemical stability. This can be associated with
a better adhesion of the polymer layer and an increased structural
stability. The higher values of supercapacitors with PDPA/
MWCNT-COOH-1 and PDPA/MWCNT-COOH-2 composite elec-
trode materials compared to PDPA/MWCNT in the rst 3000
cycles can be explained by the presence of carboxyl groups that
improve the adhesion of PDPA on the MWCNT surface, thus
allowing better access of the electrolyte.
4. Conclusions

This study provides the rst systematic demonstration of
recovering and reusing PDPA/MWCNT-COOH composites from
spent RLIB cathodes as active materials for supercapacitor
electrodes.
RSC Adv., 2026, 16, 12302–12314 | 12311
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The main conclusions of this article can be highlighted as
follows:

(a) The chemical polymerization of DPA in the presence of
MWCNT and the oxidant mixture of K2Cr2O7 and H2SO4 leads to
the obtaining of a composite based on PDPA and MWCNT-
COOH;

(b) RLIB having as cathode based on the PDPA/MWCNT-
COOH-1 composite as active material, discharge capacitance
equal to 80 mA h g−1 was reported. At EoL, RLIB shows
a discharge capacitance equal to 40 mA h g−1.

(c) The recovery process of the active material from the
cathode of RLIBs involved their collection, disassembly,
recovery of the cathode, washing with water in order to elimi-
nate inorganic compounds such as LiPF6, Li2CO3 and Li2O,
dispersion of the existing compounds in the cathode structure
in NMP to eliminate C Super P, interaction of the mixture
consisting in PDPA/MWCNT-COOH-1, and PVDF with ethanol
to precipitate PVDF and its separation and thus the controlled
evaporation of the NMP and C2H5OH solvents to obtain the
PDPA/MWCNT-COOH-2 composite in powder form. Raman
scattering, SERS, and FTIR spectroscopy have proved to be
important tools in monitoring the separate fractions. The
PDPA/MWCNT-COOH-1 and PDPA/MWCNT-COOH-2 compos-
ites, prepared from commercial compounds and by recovering
from spent RLIB cathodes, contain PDPA in a g crystalline
phase.

(d) The symmetrical supercapacitor cells using the PDPA/
MWCNT-COOH-1 and PDPA/MWCNT-COOH-2 composites as
electrode materials showed capacitance values equal to 136.6
mF cm−2 and 112.59 mF cm−2, when the concentration of active
material is equal to 80 wt%; the increase of the concentration of
the PDPA/MWCNT-COOH-2 composite up to 84 wt% leads to
a capacitance of 145.5 mF cm−2. These results demonstrate that
recovered PDPA/MWCNT-COOH composites not only preserve
their structural and electrochemical properties but also show
competitive or superior capacitance compared to their
commercially synthesized counterparts. The proposed
approach offers a sustainable route for reusing RLIB cathodes,
contributing to circular economy strategies in advanced energy
storage technologies.

Despite the promising results reported in this work, the
study presents the following limitations: (i) the electrochemical
performance of PDPA/MWCNT-COOH composites recovered
from end-of-life lithium-ion batteries was evaluated in
symmetric supercapacitor congurations, under laboratory
conditions, with cyclic stability tests limited to only 8000 cycles;
(ii) the use of aqueous protic electrolytes, which present lower
operating voltage and energy density windows; and (ii) the
structural and chemical changes induced during cycling and
the separation process of lithium rechargeable batteries were
qualitatively identied; however, a detailed correlation between
defect density and electrochemical performance remains an
important aspect to be claried in the coming period. In this
context, future work should aim at: (i) extending the electro-
chemical evaluation to long-term cycling stability, rate capa-
bility and impedance analysis which will be essential to assess
the practical applicability of these materials in supercapacitor
12312 | RSC Adv., 2026, 16, 12302–12314
devices; (ii) the performance of recovered composites should
also be investigated in alternative electrolyte congurations and
asymmetric or hybrid capacitors to broaden their operating
voltage window and energy density; and (iii) the integration of
life cycle assessment and techno-economic analysis could
clarify the environmental and economic benets of reusing
materials recovered from end-of-life lithium-ion batteries for
secondary energy storage applications.

Conflicts of interest

The authors have no known competing nancial interests or
personal relationships that could have appeared to inuence
this manuscript. There are no conicts to declare.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d5ra09202g.

Acknowledgements

This work was supported by a grant of the Ministry of Research,
Innovation, and Digitization, CNCS/CCCDI UEFISCDI, project
number COFUND-LEAP-RE-RCLIB-1, within PNCDI IV.

References

1 C. T. Matos, L. Cicci, M. G. Godoy Leon, M. Lundhaug,
J. Dewulf, D. B. Muller, K. Georgitzikis, D. Wittmer and
F. Mathiueus, Material System Analysis of Five Battery
Related Raw Materials: Cobalt, Lithium, Manganese, Natural
Graphite, Nickel, Publication Office of the European Union,
Luxembourg, 2020.

2 H. Ku, Y. Jung, M. Jo, S. Park, S. Kim, D. Yang, K. Rhee,
E. M. An, J. Sohn and K. Kwon, Recycling of spent lithium-
ion battery cathode materials by ammoniacal leaching, J.
Hazard. Mater., 2016, 313, 138–146, DOI: 10.1016/
j.jhazmat.2016.03.062.

3 G. Zhang, Y. He, Y. Feng, H. Wang, T. Zhang, W. Xie and
X. Zhu, Enhancement in liberation of electrode materials
derived from spent lithium-ion battery by pyrolysis, J.
Cleaner Prod., 2018, 199, 62–68, DOI: 10.1016/
j.jclepro.2018.07.143.

4 M. Wang, Q. Tan, L. Liu and J. Li, A Facile, Environmentally
Friendly, and Low-Temperature Approach for
Decomposition of Polyvinylidene Fluoride from the
Cathode Electrode of Spent Lithium-ion Batteries, ACS
Sustain. Chem. Eng., 2019, 7, 12799, DOI: 10.1021/
acssuschemeng.9b01546.

5 J. Xiao, J. Li and Z. Xu, Challenges to Future Development of
Spent Lithium Ion Batteries Recovery from Environmental
and Technological Perspectives, Environ. Sci. Technol.,
2020, 54, 9–25, DOI: 10.1021/acs.est.9b03725.

6 Z. Liang, C. Cai, G. Peng, J. Hu, H. Hou, B. Liu, S. Liang,
K. Xiao, S. Yuan and J. Yang, Hydrometallurgical Recovery
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5ra09202g
https://doi.org/10.1016/j.jhazmat.2016.03.062
https://doi.org/10.1016/j.jhazmat.2016.03.062
https://doi.org/10.1016/j.jclepro.2018.07.143
https://doi.org/10.1016/j.jclepro.2018.07.143
https://doi.org/10.1021/acssuschemeng.9b01546
https://doi.org/10.1021/acssuschemeng.9b01546
https://doi.org/10.1021/acs.est.9b03725
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09202g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 1

:0
8:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of Spent Lithium-Ion Batteries: Environmental Strategies
and Sustainability Evaluation, ACS Sustainable Chem. Eng.,
2021, 9, 5750–5767, DOI: 10.1021/acssuschemeng.1c00942.

7 X. Duana, J. Deng, X. Wang, J. Guo and P. Liu, Manufacturing
conductive polyaniline/graphite nanocomposites with spent
battery powder (SBP) for energy storage: A potential
approach for sustainable waste management, J. Hazard.
Mater., 2016, 312, 319, DOI: 10.1016/j.jhazmat.2016.03.009.

8 X. Duan, J. Deng, X. Wang, J. Guo and P. Liu, Preparation of
polypyrrole nanocomposites for supercapacitor using spent
battery powder as raw materials, Electrochim. Acta, 2016,
210, 646, DOI: 10.1016/j.electacta.2016.05.156.

9 C. M. Schauerman, M. J. Ganter, G. Gaustad, C. W. Babbitt,
R. P. Raffaelle and B. J. Landi, Recycling sing-wall carbon
nanotube anodes from lithium-ion batteries, J. Mater.
Chem., 2012, 22, 12008–12015, DOI: 10.1039/C2JM31971C.

10 Y. Ji, C. T. Jafvert, N. N. Zyaykina and F. U. Zhao,
Decomposition of PVDF to delaminate cathode materials
from end-of-life lithium-ion battery cathodes, J. Cleaner
Prod., 2022, 367, 133112, DOI: 10.1016/
j.jclepro.2022.133112.

11 T. Yan, H. Wang, S. Zhong, Q. Ma, W. Nie, X. Guo, Y. Wang
and J. Hu, Thermal decomposition mechanisms and
strategies for enhancing uorine removal from
polyvinylidene uoride binders in Li-ion battery cathode
materials, Mater. Today Commun., 2025, 49, 113624, DOI:
10.1016/j.mtcomm.2025.113824.

12 M. Li, W. Ruan and M. Zhang, Advances in organic polymer
electrode materials for ion batteries: A comprehensive
review, Polymer, 2024, 307, 127244, DOI: 10.1016/
j.polymer.2024.127244.

13 P. Sengodu and A. D. Deshmukh, Conducting polymers and
their inorganic composites for advanced Li-ion batteries:
a review, RSC Adv., 2015, 5, 42109, DOI: 10.1039/
C4RA17254J.

14 N. V. Keertheeswari, S. L. Madaswamy, B. Chokkiah,
M. D. Albaqami, S. M. Wabaidur, S. C. Lee and
R. Dhanusuraman, Synthesis of polydiphenylamine
nanostructures via microwave and ultra-sonication method
for supercapacitor performance, J. Mater. Sci.: Mater.
Electron., 2022, 33, 23236–23249, DOI: 10.1007/s10854-022-
09088-7.

15 C. Li, X. Cheng and L. Wu, Fabrication of conjugated
polymer/carbon nano-tube composite materials for
capacitors, Mater. Res. Express, 2018, 6, 036302, DOI:
10.1088/2053-1591/aaf43c.

16 H. Wang, L. Liang, L. Duan, S. Sun and X. Cheng,
Fabrication of MWNT@CMPs and carbonized
MWNT@CMP for supercapacitors, Mater. Chem. Phys.,
2019, 226, 309–317, DOI: 10.1016/
j.matchemphys.2019.01.036.

17 D. D. Potphode, P. Sivaraman, S. P. Mishra and M. Patri,
Polyaniline/partially exfoliated multi-walled carbon
nanotubes based nanocomposites for supercapacitors,
Electrochim. Acta, 2015, 155, 402–410, DOI: 10.1016/
j.electacta.2014.12.126.
© 2026 The Author(s). Published by the Royal Society of Chemistry
18 A. V. Orlov, S. Zh. Ozkan, G. N. Bondarenko and
G. P. Karpacheva, Oxidative polymerization of
diphenylamine: synthesis and structure of polymers,
Polym. Sci., Ser. B, 2006, 8, 5–10, DOI: 10.1134/
S1560090406010027.

19 G. Nagasubramanian, Comparison of the thermal and
electrochemical properties of LiPF6 and LiN(SO2C2F5)2
salts in organic electrolytes, J. Power Sources, 2003, 119–
121, 811–814, DOI: 10.1016/S0378-7753(03)00246-5.

20 C. Berhaut, D. Lemordant, P. Porion, L. Timperman,
G. Schmidt and M. Anouti, Ionic association analysis of
LiTDI, LiFSI and LiPF6 in EC/DMC for better Li-ion battery
performances, RSC Adv., 2019, 9, 4599–4608, DOI: 10.1039/
C8RA08430K.

21 M. Baibarac, I. Baltog, S. Lefrant and P. Gomez-Romero,
Polydiphenylamine/carbon nanotube composites for
applications in rechargeable lithium batteries, Mater. Sci.
Eng., B, 2011, 176, 110–120, DOI: 10.1016/
j.mseb.2010.10.008.

22 R. Savinell, E. Yeager, D. Tryk, U. Landau, J. Wainright,
D. Weng, K. Lux, M. Litt and C. Rogers, A Polymer
Electrolyte for Operation at Temperatures up to 200 °C, J.
Electrochem. Soc., 1994, 141, L46–L48, DOI: 10.1149/
1.2054875.

23 A. Mendhe and H. S. Panda, A review on electrolytes for
supercapacitor device, Discover Mater., 2023, 3, 29, DOI:
10.1007/s43939-023-00065-3.

24 M. Baibarac, I. Baltog, S. Frunza, A. Magrez, D. Schur and
S. Y. Zaginaichenko, Single-walled carbon nanotubes
functionalized with polydiphenylamine as active materials
for applications in the supercapacitors eld, Diamond
Relat. Mater., 2013, 32, 72–82, DOI: 10.1016/
j.diamond.2012.12.006.

25 M. S. Dresselhaus, G. Dresselhaus and P. C. Eklund, Science
of Fullerenes and Carbon Nanotubes, Academic Press, New
York, 1996, DOI: 10.1016/B978-0-12-221820-0.X5000-X.

26 I. Smaranda, A. M. Benito, W. K. Maser, I. Baltog and
M. Baibarac, Electrochemical graing of reduced graphee
oxide with polydiphenylamine doped with
heteropolyanions and its optical properties, J. Phys. Chem.
C, 2014, 118, 25704–25717, DOI: 10.1021/jp507324r.

27 S. Quillard, G. Louran and S. Lefrant, Vibrational analysis of
polyaniline: a comparative study of leucoemeraldine,
emeraldine and pernigraniline bases, Phys. Rev. B:
Condens. Matter Mater. Phys., 1994, 50, 12496–12508, DOI:
10.1103/PhysRevB.50.12496.

28 C. T. Kuo and W. K. Chiou, Field-effect transistor with
polyaniline thin lm as semiconductor, Synth. Met., 1997,
88, 23–30, DOI: 10.1016/S0379-6779(97)80879-X.

29 T. Kondo, M. Okamura and K. Uosaki, Anion effect on the
electrochemical characteristics of a gold electrode
modied with a self-assembled monolayer of
ferrocenylhexanethiol in aqueous and dichloromethane
solutions, J. Organomet. Chem., 2001, 637–639, 841–844,
DOI: 10.1016/S0022-328X(01)00985-8.

30 U. J. Kim, X. M. Liu, C. A. Furtado, G. Chen, R. Saito, J. Jiang,
M. S. Dresselhaus and P. C. Eklund, Infrared-Active
RSC Adv., 2026, 16, 12302–12314 | 12313

https://doi.org/10.1021/acssuschemeng.1c00942
https://doi.org/10.1016/j.jhazmat.2016.03.009
https://doi.org/10.1016/j.electacta.2016.05.156
https://doi.org/10.1039/C2JM31971C
https://doi.org/10.1016/j.jclepro.2022.133112
https://doi.org/10.1016/j.jclepro.2022.133112
https://doi.org/10.1016/j.mtcomm.2025.113824
https://doi.org/10.1016/j.polymer.2024.127244
https://doi.org/10.1016/j.polymer.2024.127244
https://doi.org/10.1039/C4RA17254J
https://doi.org/10.1039/C4RA17254J
https://doi.org/10.1007/s10854-022-09088-7
https://doi.org/10.1007/s10854-022-09088-7
https://doi.org/10.1088/2053-1591/aaf43c
https://doi.org/10.1016/j.matchemphys.2019.01.036
https://doi.org/10.1016/j.matchemphys.2019.01.036
https://doi.org/10.1016/j.electacta.2014.12.126
https://doi.org/10.1016/j.electacta.2014.12.126
https://doi.org/10.1134/S1560090406010027
https://doi.org/10.1134/S1560090406010027
https://doi.org/10.1016/S0378-7753(03)00246-5
https://doi.org/10.1039/C8RA08430K
https://doi.org/10.1039/C8RA08430K
https://doi.org/10.1016/j.mseb.2010.10.008
https://doi.org/10.1016/j.mseb.2010.10.008
https://doi.org/10.1149/1.2054875
https://doi.org/10.1149/1.2054875
https://doi.org/10.1007/s43939-023-00065-3
https://doi.org/10.1016/j.diamond.2012.12.006
https://doi.org/10.1016/j.diamond.2012.12.006
https://doi.org/10.1016/B978-0-12-221820-0.X5000-X
https://doi.org/10.1021/jp507324r
https://doi.org/10.1103/PhysRevB.50.12496
https://doi.org/10.1016/S0379-6779(97)80879-X
https://doi.org/10.1016/S0022-328X(01)00985-8
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09202g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 1

:0
8:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Vibrational Modes of Single-Walled Carbon Nanotubes,
Phys. Rev. Lett., 2005, 95, 157402, DOI: 10.1103/
PhysRevLett.95.157402.

31 S. Lefrant, I. Baltog and M. Baibarac, Surface-enhanced
Raman scattering studies on chemically transformed
carbon nanotube thin lms, J. Raman Spectrosc., 2005, 36,
676–698, DOI: 10.1002/jrs.1351.

32 L. Yang, Y. Zhou, Z. Xu, Y. Shen, H. Yan and Z. Qin, Interior
design of hierarchical micro/nanostructures for enhancing
energy storage ability of polyanilines through frozen
interfacial polymerization, Electrochim. Acta, 2021, 386,
138448, DOI: 10.1016/j.electacta.2021.138448.

33 L. Bokobza, J. L. Bruneel and M. Couzi, Raman Spectra of
Carbon-Based Materials (from Graphite to Carbon Black)
and of Some Silicone Composites, C1, 2015, 77–94, DOI:
10.3390/c1010077.

34 M. Baibarac, M. Cochet, M. Lapkowski, L. Mihut, S. Lefrant
and I. Baltog, SERS spectra of polyaniline thin lms
deposited on rough Ag, Au and Cu. Polymer lm thickness
and roughness parameter dependence of SERS spectra,
Synth. Met., 1998, 96, 63–70, DOI: 10.1016/S0379-6779(98)
00065-4.

35 N. J. Ramer, T. Marrone and K. A. Stiso, Structure and
vibrational frequency determination for a-poly(vinylidene
uoride) using density-functional theory, Polymer, 2006,
47, 7160–7165, DOI: 10.1016/j.polymer.2006.08.012.

36 M. Kobayashi, K. Tashiro and H. Tadokoro, Molecular
Vibrations of Three Crystal Forms of Poly(vinylidene
uoride), Macromolecules, 1975, 8, 158–171, DOI: 10.1021/
ma60044a013.

37 M. E. Bachmann and J. L. Koenig, Vibrational analysis of
phase III of poly (vinylidene uoride), J. Chem. Phys., 1981,
74, 5896–5910, DOI: 10.1063/1.440908.

38 T. L. Wang and C. G. Tseng, Polymeric Carbon
Nanocomposites From Multiwalled Carbon Nanotubes
Functionalized With Segmented Polyurethane, J. Appl.
Polym. Sci., 2007, 105, 1642–1650, DOI: 10.1002/app.26224.

39 A. M. Pankov, A. S. Bredikhina, B. A. Kulnitskiy,
I. A. Perezhogin, E. A. Skryleva, Y. N. Parkhomenko,
M. Y. Popov and V. D. Blank, Transformation of multiwall
carbon nanotubes to onions with layers cross-linked by sp3
bonds under high pressure and shear deformation, AIP
Adv., 2017, 7, 085218, DOI: 10.1063/1.4986568.

40 R. Ivan, A. P. de Pino, U. Yousef, C. Logofatu and E. Gyorgy,
Laser synthesis of TiO2—Carbon nanomaterial layers with
enhanced photodegradation efficiency towards antibiotics
and dyes, J. Photochem. Photobiol., A, 2020, 399, 112616,
DOI: 10.1016/j.jphotochem.2020.112616.
12314 | RSC Adv., 2026, 16, 12302–12314
41 S. Reiche, R. Blume, X. C. Zhao, D. Su, E. Kunkes, M. Behrens
and R. Schlogl, Reactivity of mesoporous carbon against
water– An in-situ XPS study, Carbon, 2014, 77, 175–183,
DOI: 10.1016/j.carbon.2014.05.019.

42 T. C. Wen, J. B. Chen and A. Gopalan, Soluble and methane
sulfonic acid doped poly(diphenylamine)—synthesis and
characterization, Mater. Lett., 2002, 57, 280–290, DOI:
10.1016/S0167-577X(02)00779-6.

43 Y. Z. Dong and H. J. Choi, Electrorheological Characteristics
of Poly(diphenylamine)/magnetite Composite-Based
Suspension, Materials, 2019, 12, 2911, DOI: 10.3390/
ma12182911.

44 N. V. Keertheeswari, S. L. Madaswamy, B. Chokkiah,
M. D. Albaqami, S. M. Wabaidur, S. C. Lee and
R. Dhanusuraman, Synthesis of polydiphenylamine
nanostructures via microwave and ultra-sonication method
for supercapacitor performance, J. Mater. Sci.: Mater.
Electron., 2022, 33, 23236–23249, DOI: 10.1007/s10854-022-
09088-7.
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