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Aging Effect of Catechol Redox Polymer Nanoparticles for
Hybrid Supercapacitors
Antonela Gallastegui+,[a] Ousmane Camara+,[a, b] Daniela Minudri,[a] Nicolas Goujon,[a]

Nagaraj Patil,[b] Fernando Ruipérez,[c] Rebeca Marcilla,[b] and David Mecerreyes*[a, d]

Redox-polymer nanoparticles are a promising solution to avoid
the detrimental dissolution of organic electrode materials while
showing discrete redox processes. In this work, catechol-based
redox-active polymer nanoparticles (cRPNs) were synthesized
through one-step emulsion polymerization with a tunable size
from 25 to 150 nm. The fresh cRPNs were characterized and
showed a reversible redox process centered at 0.50 V (vs. Ag/
AgCl) in 1 M H2SO4. Unexpectedly, the cRPN latex aged after
days passing from white to pink. This aging resulted in a shift of

its redox potential toward higher values, which could be
associated to autoxidation of the catechol groups and subse-
quent crosslinking of NPs due to catechol dimer formation.
Finally, we compared the performance of fresh and aged cRPNs
in a hybrid supercapacitor device, proving how the aging effect
had some benefits such as an increase in the voltage output,
specific capacitance, cyclability and Coulombic efficiencies of
the device.

Introduction

In the last two decades, organic materials such as redox
polymers have gained much interest as active compounds for
electrochemical energy storage systems (EES). Inorganic materi-
als currently used in these applications severely stress the raw
material supply chain and present environmental issues related
to their scarcity, toxicity (Co, V, Ni, etc.) and recycling
limitation.[1] Alternatively, organic compounds are composed of
naturally abundant chemical elements (C, H, N, O, S) and if
properly designed, they can even be generated from renewable
resources.[2] Their redox properties can be tailored in a
straightforward way by adjusting the chemical composition
and macromolecular architecture. Besides, organic molecules
and redox polymers can show high theoretical capacity values

of up to 600 mAhg� 1, in comparison to inorganic cathodes (<
250 mAhg� 1)[3] which makes them interesting for next-gener-
ation batteries and supercapacitors.[3–6] However, they still show
some performance limitations in terms of voltage, cyclability,
self-discharge and reliability of the devices which curtails their
commercial exploitation.

Among the different organic redox moieties, quinone
functionalities can be readily accessible by the
(electro)chemical oxidation of biopolymers such as lignins,
tannins and phenolic compounds such as dopamine or
catechols.[7] Polymers containing quinone derivates have been
gathering renowned interest as high-performance electrodes
for EES because of their high theoretical specific capacity,
structural diversity, tunable redox potentials and fast
kinetics.[8–11] In particular, within the family of quinones, para-
quinone based redox-active polymers have received extensive
research efforts for both capacitors and battery applications in
recent years.[12] Ortho-quinone based cathode materials are also
attracting attention in pseudocapacitors and lithium-ion
batteries.[13,14] Indeed ortho-quinones show a stronger aroma-
ticity of the reduce form that not only increases the redox
potentials (thus, energy density), but also improves the reaction
reversibility (thus, long cycle life) as compared to their para-
counterparts.[13–15] One popular bioinspired functional group
that involves ortho-quinone structures is the catechol one, well
known for its adhesive properties. Recently, polymers bearing
catechol group have reported for aqueous rechargeable H+, Li-
ion and post-Li-ion batteries[16] thanks to their high theoretical
capacity (up to 496 mAhg� 1) and their high redox potential at
around 3.1 V (ortho-quinones vs. <2.8 V for para-quinones) vs.
Li/Li+.[17,18]

A known issue of the use of organic materials as electrodes
is the dissolution of the active material into the electrolyte
which aggravates an adverse rapid capacity decay in the
device. Several approaches have been adopted to minimize the
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dissolution issues, including, but not limited to the employ-
ment of redox polymers instead of small molecules,[17] using
redox active salts with low solubility or using solid polymer
electrolytes instead of liquid one.[20,21] Another interesting
possibility to avoid further dissolution of the organic material is
the use of cross-linked redox polymer nanoparticles (RPNs).[22,23]

Due to the versatility of polymer chemistry, RPNs can be
designed with different different redox active groups (e.g.,
quinones, nitroxides)[24,25] and sizes from nanometer to micro-
meter. This versatility makes RPNs excellent candidates for
different electrochemical applications.

In this work, redox-active catechol-containing polymer
nanoparticles (cRPNs) were synthesized through one step
emulsion polymerization. This synthetic route allowed us to
obtain latexes and polymer particles with a tuneable size (30–
165 nm) without the need of cumbersome protection/depro-
tection chemistry of the catechol groups. After the cRPNs
synthesis, we noticed that the latex solution turned from white
to pink with time and this resulted in a shift on its redox
potential toward more positive values. We investigated in detail
this “aging effect” which may be associated to autoxidation
and subsequent cross-linking of the catechol groups. Finally,
performance of the fresh and aged cRPNs in hybrid super-
capacitor device was compared, proving how the aging effect
could help to improve the performance of the device.

Results and Discussion

Synthesis and characterization of catechol redox-active
polymer nanoparticles (cRPNs) with different sizes

Catechol redox-active polymer nanoparticles (cRPNs) were
synthesized through emulsion polymerization of dopamine
methacrylamide (DMA) as shown in Scheme S1. This one-pot
synthesis was carried out in water at 70 °C in 10% solids
content, during 6 h, employing AIBA as initiator and CTAB as
surfactant. It is important to remark that this method led to the
one-pot-step synthesis of catechol polymer nanoparticles, with-
out the need of additional catechol protection/deprotection
steps. This is not a minor detail since it is known that catechols
can interfere during radical polymerizations trapping the
growing radical, limiting the conversion and producing cross-
linked polymers. By increasing the concentration of CTAB
cationic surfactant from 7.5×10� 4 M to 2.5×10� 3 M, the size of
the particles could be controlled (see Table S1). Moreover, it is
remarkable that besides this, we observed high reaction
conversions in all the cases (>75%). Thus, four different sizes
of poly(dopamine methacrylamide) homopolymer particles
were synthesized: cRPN-30, cRPN-60, cRPN-100 and cRPN-165,
of which three of them were synthesized with surfactant and
cRPN-165 without.[23] The hydrodynamic diameter of the cRPNs
within the aqueous latex was determined by DLS and their
dried size by Transmission Electron Microscopy (TEM). As
observed in Table S1, the cRPNs showed a particle size from
165 nm to a very small ones of 30 nm. As expected, the
determined size through TEM was slightly lower than the one

obtained through DLS due to its drying process, leading to a
smaller size of 157, 91, 52 and 25 nm, respectively. As shown in
Figure 1d, the spherical shape of the nanoparticles is very clear,
especially for the higher sizes of cRPNs. In the case of small
cRPN-30, the latex TEM image is captured as a matrix of
aggregated NP, probably due to its concentration, but never-
theless, a small well-defined spherical shape can be appreciated
in the image. The polydispersity index (PDI) obtained by DLS
was low for the bigger cRPNs but increased when smaller
nanoparticles were obtained (see Table S1). This is an expected
behaviour due to the employment of a higher quantity of
surfactant needed for such small latexes.

Cyclic voltammetry (CV) in aqueous acidic media at room
temperature was employed to investigate the effect of the
particle size of the cRPNs in the electrochemical behaviour. For
this measurement, cRNPs were formulated into conductive ink
onto a glassy carbon electrode. Figure 1(a) shows as example
the CVs recorded for cRPN-30 in 1 M H2SO4 at different scan
rates (25–150 mVs� 1). The half-wave potential (E1/2) was calcu-
lated using the expression (Ep forward+Ep backward)/2.

As observed, cRPN-30 presents a reversible redox process
centered at E1/2=0.54 V (vs. Ag/AgCl), which is attributed to the
removal/insertion of two electrons and two protons from/to
catechol to/from ortho-quinone during the oxidation/reduction
step (Figure 1b). The size of the catechol nanoparticles does
not affect significantly the overall electrochemical behavior, all
fresh cRPNs presented similar E1/2, as observed in Figure S1,
where the E1/2 of reversible redox process is around 0.5 V.

The effect of scan rate on the electrochemical redox process
of cRPNs of different sizes was investigated by cyclic voltamme-
try at different rates (Figure 1a). It can be observed that both
current intensity and peak-to-peak potential separation in-
crease gradually with the increase of the sweep rates. The plots
of peak current intensity (Ip) against the square root of the
potential scan rate (v1/2) are shown in Figure 1(c) for all cRPNs, a
linear relation was observed, which indicates that the electro-
chemical reaction at the electrode surface presents a diffusion-
controlled process. On the other hand, from the slope of the
linear correlation, it is possible to derive the magnitude of both
cathodic and anodic diffusion coefficients through the Randles-
Sevick equation:[26,27]

Ip ¼ 2:69� 105 n3=2A � C � D1=2v1=2,

where Ip is the peak current, A refers to the electrode surface
area and C is the concentration of cRPNs. Therefore, with the
constant parameters of A, C, and n, we could obtain an
approximate value of D that is listed in Table S2.

Table S2 shows that the diffusion coefficient for the small
cRPNs is higher than for the bigger nanoparticles. For cRPN-30
the cathodic value slope obtained is 3.09×10� 4, while for cRPN-
165 is 1.05×10� 4, this clearly shows that the particle size affects
directly on the diffusion process at room temperature. The
increment of the anodic and cathodic diffusion coefficients for
the smaller cRPNs is possibly due to a higher external surface
area per volume of cRPNs in smaller NPs. This might afford
shorter diffusion lengths for ion/electrons transport within the
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inner bulk of NPs which is beneficial for the diffusion of charge
carriers and electrons.

Aging of catechol latexes and cRPNs

As mentioned before, we observed that latexes evolved from a
classic white color to pink over the days as shown in the
picture of Figure 2. The smaller the size of the nanoparticles,
the faster the latex became pinkish. While cRPN-165 needed
30 days for the color change, cRPN-30 needed only one week
to show a pink latex color.

This unexpected aging effect was first investigated through
UV-Vis as the spectra shown in Figure 2(a). Normally, catechol
presents an absorbance peak around 270–290 nm. The spec-
trum of the latex at the time of its synthesis (0 day) presents an
absorption peak at 288 nm, which increased in its intensity and
become broader over time. As observed in the spectra, after
30 days, cRPN-165 presents a higher and wider absorbance
peak around 288 nm. This change can be explained from the
catechol chemistry. It is known that catechol undergoes cross-
linking reactions in the presence of an oxidant like O2 in basic
medium.[28,29] These cross-linking reactions are carried out, first,
with the oxidation of the catechol to the quinone structure; as
a second step, quinone undergoes a reverse dismutation
reaction with another close catechol to form aryloxy radicals

that then dimerized to the dicatechol with the formation of a
covalent bond (see Figure 3b).[30] The formation of the dimer,
normally promoted in basic medium, increases and broads the
absorbance peak.[31,32] Thus, this aging effect observed over
time is due to the auto-oxidation and subsequent cross-linking
of the catechol moieties into catechol dimers in the presence
of O2 at neutral pH, increasing a 50% of its absorbance at
288 nm in the UV-Vis spectra.

After this observation, a proper comparison of fresh and
aged cRPN was carried out. First, FT-Infrared Spectroscopy
(FTIR) was carried out to corroborate the chemical composition
of all the “fresh” catechol based cRPNs (0 day from their
synthesis). As observed in Figure S2, the band at 785 cm� 1 from
DMA belongs to the bending vibration of the vinyl group (s;
C=C vinyl), which disappears after the synthesis, confirming the
radical polymerization. A strong broad peak is observed in all
cRPNs at 1638 cm� 1 due to the amide carbonyl group
stretching vibration (s; (HN� C=O)), this peak can be observed at
1645 cm� 1 in DMA monomer. Characteristics bands of DMA are
present in all the nanoparticles: the peaks at 1522 and
1277 cm� 1 are characteristics from the catechol (m; (C=C
arom.)).[23] After the aging effect, FTIR was carried out to verify
any change on the spectra. As observed in the Figure S3, at first
sight, the spectrum between the aged and not aged nano-
particles do not show any significant difference, in fact, all the
important peaks that belong to the correct catechol polymer

Figure 1. a) Cyclic voltammetry of cRPN-30 in 1 M H2SO4 at different scan rates (25–150 mVs� 1); b) reversible transformation of catechol to ortho-quinone; c)
peak current (Ip) plot vs. scan rate (v); d) TEM images of cRPNs (scale bar: 100 nm).
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nanoparticles are present in the aged nanoparticles spectra.
When the region between 650 and 350 nm is expanded, below
the fingerprint region, it is clear that an increase of peaks
around 400 nm is shown (as example for cRPN-60 and cRPN-
30). This peak increase at low wavenumber infrared region
denotes the catechol dimer vibration formation (C� C between
catechol groups) during the oxidation/cross-linking in water.

An increasement of the peak at 1255 cm� 1 is also observed due
to the C� O� C stretching vibration as a product of cross-linking
between catechol groups, as observed in Figure S3 (mild
conditions) and Figure S4–S5 when cRPN-165 was abruptly
exposed to oxygen and basic media (NaOH solution) in a short
period of time.[33] In these oxidant conditions, the increasement
of this peak is clearly observed.

The thermal behavior of the polymer nanoparticles was also
analyzed. Figure S6 shows the thermal degradation through
TGA technique of all “fresh” cRPNs before aging effect. It can
be appreciated that the degradation onset of all nanoparticles
starts at around 250 °C and a 50% degradation weight loss is
obtained at about 400 °C. All cRPNs presents a good thermal
stability also after the aging effect as observed in Figure 2c.
After the aging process, the degradation temperature did not
change at all, reaching a total decomposition at the same
temperature. When DSC was carried out, there was a clear
change on the response of the heat flow versus temperature
curve when cRPNs suffered aging. As appreciated in Figure 2d,
cRPN-30 and cRPN-60 present a Tg at around 120 °C that
disappears later when cRPNs are aged. This result agrees with
the fact that the catechol dimer formation formed over time
generates a more cross-linked NP that does not allow the
polymer chains to relax as in the “fresh” NPs. This crosslinking
leads to the disappearance of the Tg. Same behavior was also

Figure 2. Uv-Vis spectra of a latex aqueous solution of cRPN-165 (a); the latexes correspond to different cRPN-165 synthesis over time, being the one on the
left, the newest one (b); thermal characterization of cRPN-30 and cRPN-60 before and after aging effect: TGA (c) and DSC (d; second heating cycle) analysis.

Figure 3. Cyclic voltammetry of “fresh” and “aged” cRPN-30 during different
aging time (a); Scheme of oxidation/reduction process in the “fresh”
nanoparticles (b); Scheme of dimer formation in “aged” nanoparticles (c).
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observed for cRPN-100 and cRPN-165, shown in Figure S7,
where the Tg change was not so evident for the biggest size of
cRPNs.

Finally, Figure S8 shows a TEM picture of cRPN-165 after
30 days of aging, a picture in which is clearly shown that the
nanoparticles seem to be attached or polymerically bonded, as
expected, since catechol can undergo dimer formation during
the oxidation/cross-linking process, which may happen inside
the nanoparticles and between them, as observed in the
picture.

Cyclic voltammetry was carried out to study the effect of
the aging of cRPNs on their redox behaviour. Figure 3a shows
the CVs recorded for fresh and aged cRPN-30 in 1 M H2SO4 at a
scan rate of 50 mV/s. Differences in the redox potentials are
directly related to the aging time of the nanoparticles.

Fresh nanoparticles are able to oxidize/reduce with E1/2
around 0.54 V (blue line) as mentioned before, corresponding
to the catechol/ortho-quinone transformations (Figure 3b),
whereas after 4 days of aging the E1/2 is displaced to a positive
shift and another peak appears as a consequence of the
internal cross-linking (light blue line). Finally, after one week,
when the nanoparticles are aged at its maximum, the redox
potential is stablished at E1/2=0.65 V (green line). Similar
voltammograms were observed for cRPN-60 (see Figure S9),
which needed two weeks for its maximum extent of aging.

In order to understand this redox potential shift, DFT
calculations were carried out, using a simplified model of the
redox polymer, including none (see Figure 3b) or two linked
catechols (see Figure 3c), that will be referred as monomer and
dimer, respectively, hereafter. The calculated redox potential
(vs SHE) for the bare catechol is 0.02 V, while that for the dimer
is increased to 0.35 V. This enhancement can be explained by
the presence of hydrogen bonds between adjacent catechols.
Thus, it is reasonable to assume that some of the electroactive
groups will be in the reduced form (catechol), while others will
be in the oxidized form (quinone). The hydrogen bond
between a catechol -OH moiety and the adjacent carbonyl
moiety (O=C) may assist the redox process, whether it’s the
reduction of the quinone or the oxidation of the catechol. Thus,
when a quinone carbonyl is reduced, the -OH moiety of an
adjacent catechol can stabilize the generated anion by hydro-
gen bonding, facilitating the process and, therefore, larger
redox potentials are observed. In an isolated catechol, this extra
stabilization is absent, and the redox potential is lower.

In Figure S10 is represented the molecular model and the
atoms involved in the process are highlighted in red. In
Table S3 the geometrical parameters of the dimer during the
reduction process of a quinone moiety are collected, where
R(C� O) and R(O� H) correspond to the bond distances in the C-
OH moiety of the catechol, R(OH···O=C) is the bond distance of
the hydrogen bond between the OH and the carbonyl (C=O),
and R(O=C) is the carbonyl bond distance. Thus, we can
observe how these parameters are modified during the two-
electron reduction process from the quinone (Q) to the
semiquinone (SQ) and the catechol (QH2). Before the redox
process takes place, we found a hydrogen bond distance of
1.646 Å that is remarkably decreased when the quinone is

reduced to a semiquinone (1.354 Å). This hydrogen bond
stabilizes the SQ and facilitates the reduction. At the same
time, the carbonyl double bond is enlarged from 1.225 to
1.277 Å, while the C� O bond in the catechol is shortened (from
1.358 to 1.342 Å). In the second step, the SQ is reduced to
catechol (QH2) and the hydrogen is completely transferred
(1.002 Å) yielding a new OH moiety.

Catechol based RPNs for hybrid Supercapacitors

As shown before, the unexpected aging effect increases the
redox potential of catechol based redox polymer nanoparticles
in acid electrolyte. Interestingly, this can be beneficial for its
application as positive electrode (cathode) in electrochemical
energy storage systems (EES). To demonstrate its applicability
at the device level, we assembled an unoptimized hybrid
supercapacitor as a representative example of EES (Figure 4a).
This hybrid supercapacitor is based on an Activated Carbon
(AC) electrode as negative electrode and the buckypaper with
fresh/aged cRPN-30 as positive electrode using 1 M H2SO4

aqueous electrolyte. Figure 4b shows the CV of supercapacitors
assembled with “fresh” and “aged” nanoparticles. CVs of both
fresh and aged cRPN-30 show reversible redox behavior with a
pair of redox peaks centered at E1/2= � 27 mV (vs AC) and E1/2=

+74 mV, respectively. This result in a relative voltage gain of
~100 mV for the supercapacitor using “aged” NPs. That is in
good agreement with the observations made in the preliminar
electrochemical characterization (three electrode configura-
tion), confirming that the aging effect has the advantage of
enhancing the voltage output of the supercapacitor.

The capacity retention of the fresh and aged cells over 180
galvanostatic charge-discharge cycles was compared in Fig-
ure 4d (the individual cycling performances including coulom-
bic efficiencies can be found in Figure S11). In the case of fresh
cRPN-30, there is a significant decay of the capacity within the
first few cycles probably due to some nanoparticles dissolution.
Interestingly, this does not happen with aged nanoparticles
and their capacity retention is excellent probably due to their
more cross-linked nature. Furthermore, Coulombic efficiencies
(CE) for the cross-linked cRPN-30 were found to be higher (>
96%), while the average CE for the corresponding fresh
nanoparticles remained below 85% (Figure S11).

In Figure 4c, we plot the comparison between the perform-
ance of fresh and aged cells at different current densities. It is
woth to note than the theoretical capacity of the catechol NP is
245 mAh/g.This graph is plotted from the Rate Capability plots
from Figure S12. Every point of the graph corresponds to a
fixed specific capacitance (or capacity) value at the 5th cycle of
a well-defined current density, and the following general
observations can be made: i) capacity at a low current density
of 0.2 A/g was over 2-fold higher for the aged cRPN-30
(140 mAhg� 1/625 Fg� 1) compared to the fresh one
(57 mAhg� 1/225 Fg� 1), ii) the capacities at all the higher current
densities were also higher for the aged over fresh nano-
particles, and iii) the CEs at all the current densities were also
higher for the aged over fresh nanoparticles.
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This improved rate performance for Aged cRPNs over Fresh
cRPNs was corroborated also by electrochemical impedance
spectroscopy (EIS). All the Nyquist plots feature two well-
defined regions: a depressed semicircle in the high frequency
region and an inclined line in the low-frequency that provide
information about the charge-transfer resistance (Rct) and
Warburg impedance (Figure S13, Supplementary
Information).[34–35] Aged cRPN exhibited lower Rct compared to
fresh cRPNs (2.54 Ω and 5.15 Ω, respectively), this result is in
line with the obtained results from the cycling, in fact a lower
Rct means a better kinetics and a better rate capability, all
visible effects when comparing with the rate capability tests
and the cyclings.

Conclusion

In conclusion, this article reports the synthesis of catechol
redox polymer poly(dopamine methacrylamide) nanoparticles
in one pot-step with sizes between 30 to 150 nm. Unexpect-
edly, we observed an aging effect of the catechol-based redox-
active nanoparticles which latexes turned from white to pink.
This color change was associated with the dimerization of the
catechol groups in the NPs. All cRPNs were properly charac-

terized, showing that the dimer formation process can be
analysed through FTIR, UV-Vis spectrophotometry and thermal
analysis. The electrochemical characterizations of the redox-
active polymer nanoparticles show that the redox potentials
increased from 0.50 V (vs Ag/AgCl) to 0.65 V due to the aging.
This shifting of redox potential was predicted theoretically by
DFT calculations. Finally, the benefit of the aging effect on the
electrochemical performance of cRPNs as cathodes in super-
capacitor device was demonstrated. The aged redox polymer
nanoparticles not only showed higher redox potential, but also
higher capacities and better retention upon cycling compared
to the fresh ones (higher coulombic efficiencies). These results
highlight the simple, yet effective way of enhancing electro-
chemical performance of catechol-based polymers through the
demonstrated aging effect. We also hypothesized that this
concept can be extended to other types of EES, for instance, to
innovative proton batteries, using our cRPN as a proton host
high voltage cathode, broadening their scope as advanced
organic electrodes.[36]

Figure 4. Scheme of the hybrid supercapacitor (a); Cyclic voltammetry of the hybrid supercapacitors (b); Comparison of specific capacitance/capacity at
different current density values of the AC//polymer device in aged and fresh conditions (c);. and their cycling stability, depicting discharge capacity retention
(d) in fresh and aged conditions.
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Experimental Section

Materials and methods

Materials

Dopamine-HCl and MgSO4 were obtained from Alfa Aesar.
Methanol, ethyl acetate, acetonitrile (MeCN) and absolute ethanol
were purchased from Acros. 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (AIBA), hexadecyltrimethylammonium bromide
(CTAB), N-methyl-2-pyrrolidone (NMP) and polyvinylidene fluoride
(PVDF) were purchased on Sigma Aldrich. Large surface area single
wall carbon nanotubes (SWCNTs) and reduced graphene oxide
(RGO) were purchased from Nanografi. All the chemicals and
solvents were employed as received without further purification.

Dopamine methacrylamide (DMA) was synthesized by a protocol
described by Nguyen et al.[37] The monomer was successfully
characterized by proton NMR analysis. 1H-NMR (DMSO-d6,
400 MHz): d 8.7–8.6 (2H), 7.9 (1H), 6.4–6.6 (2H), 6.42 (1H), 5.62 (1H),
5.31 (1H), 3.24 (2H), 2.51 (2H), 1.85 (3H), as shown in our previous
work.[23]

Synthesis of cRPNs

cRPNs were synthesized by emulsion polymerization in aqueous
media at 70 °C, employing unprotected DMA and CTAB as
surfactant at different concentration targets (from 7.5×10� 4 M to
0.0025 M) depending on the desired size of the nanoparticles.
During the synthesis, Scheme S1, 0.03 mmol (1×10� 3 M) of AIBA
pre-dissolved in 25 mL of Milli-Q water was vigorous stirred with a
deoxygenation process employing N2 during 30 min. At 55 °C, a
solution of unprotected DMA dissolved in methanol (0.1 gmL� 1)
was injected at 2 mL min� 1 into the reaction mixture employing an
automatic syringe pump. At the end of the injection, the reaction
mixture reached 70 °C, which was left during 6 h. A total monomer
concentration of 1 mmol (4×10� 2 M) was employed. The nano-
particles were then purified with Milli-Q water during 6 days at
25 °C employing dialysis tubes with a molecular weight cut-off of
14000 Da and finally freeze-dried with a Telstar LyoQest-85
Lyophilizer at � 80 °C and 0.082 mbar during 3 days.

Characterization procedures

The hydrodynamic size of the different catechol RPNs were
measured by dynamic light scattering (DLS) using a Malvern
Zetasizer Nano ZS. A drop of reaction mixture (0.1 mL of the
dispersion in water) was diluted with 3 mL of Milli-Q water
employing disposable polystyrene cuvettes DTS0012. The intensity
average was measured at 25 °C and 173° backscatter angle by
using dynamic light scattering Malvern ZetaSizer Nano-S instru-
ment equipped with a 633 nm red laser.

The diameter and the morphology of the dried nanoparticles were
measured also by transmission electron microscopy (TEM) employ-
ing a TECNAI G2 20 TWIN (200 kV). The samples were deposited on
copper grids and left dry at room temperature before the measure-
ments.

Fourier transform infrared (FTIR) spectra were measured on a
Bruker Alpha II spectrophotometer employing Platinum ATR
module with diamond window. Between 2 and 5 mg of each
sample were employed for the characterization.

UV-Vis spectroscopy measurements of the cRPNs solutions were
performed on a Hewlett Packard (HP) model 8453 spectrophotom-
eter.

The thermal stability of the cRPNs was investigated by thermogra-
vimetric analysis (TGA) performed on a TGA Q500 from TA
Instruments. The samples were heated at 10 °C min� 1 under N2

atmosphere from room temperature to 800 °C.

Differential scanning calorimetry (DSC) was employed to detect the
Tg of the samples by measurements on a DSC Q2000 from TA
Instruments. The DSC scans were performed at heating and cooling
rates of 10 °Cmin� 1 from � 60 °C to 200 °C. Between 5 and 10 mg of
each cRPNs were employed for the measurement. Tg was
determined for the second heating cycle employing the middle
temperature.

Quantum chemical calculations

Geometry optimizations have been performed in gas phase within
density functional theory (DFT) using the B3PW91 functional in
combination with the 6–31+G(d) basis set.[38–41] Harmonic vibra-
tional frequencies were obtained at the same level of theory to
confirm that all the structures were minima in the potential energy
surfaces (no imaginary frequencies were found), to evaluate the
zero-point vibrational energy (ZPVE) and the thermal corrections to
the Gibbs free energy (298 K, 1 atm) in the harmonic oscillator
approximation. Single-point calculations using the aug-cc-pVTZ
basis set were carried out on the optimized structures to refine the
electronic energy.[42] Solvent effects in acetonitrile have been
estimated using the polarizable continuum model (PCM)
approach.[43–46]

All calculations were performed using the Gaussian 16 suit of
programs.[47]

Electrochemical characterization

Cyclic voltammetry (CV) was performed using Autolab PGSTAT204
potentiostat/galvanostat, in a conventional three electrode cell. A
glassy carbon disk (GC; surface area of 0.28 cm2) was modified with
slurry containing cRPNs and used as working electrode. Before
modification, the GC electrode was polished using 0.3 μm alumina
and sequentially sonicated in water and absolute ethanol. A
platinum wire, and Ag/AgCl (3 M KCl) electrode were the counter
and reference electrodes, respectively.

The slurry was prepared employing 10 mg of redox-active catechol
nanoparticles (50 wt.%), 8 mg of conductive carbon black C65
(40 wt.%) and 2 mg of PVDF (10 wt.%). They were dispersed in
500 μL of NMP by magnetic stirring for 30 min to form a uniform
suspension. Then, the slurry was dropped on the top of the GC
electrode and dried under vacuum at 50 °C for 30 min. The
electrode was used immediately after drying as the working
electrode.

Electrochemical characterization of hybrid supercapacitor

The hybrid supercapacitor was assembled into CR 2032 coin-type
cells using the activated carbon electrode previously prepared in
the negative side of the cell, a porous Whatman glass microfiber
filters (Grade GF/B) soaked with 200 uL of electrolyte (1 M H2SO4 in
water) and the buckypaper previously prepared in the positive
electrode side. The CV of the hybrid supercapacitor was performed
with a Bio-logic VMP3 multichannel Potentiostat/Galvanostat (Bio-
logic SP150). The cycling and rate performance of coin-type hybrid
supercapacitor were assessed by galvanostatic charge-discharge
(GCD) experiments with a Neware battery cycler at 25 °C. As a
commonly used procedure for polymer-based organic electrodes,
the specific capacity (mAhg� 1)/capacitance (Fg� 1) and specific
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current (Ag� 1) were normalized with respect to the polymer mass
in the cathode.

The EIS data were collected in the 0.1–2×105 Hz frequency range
using a sinusoidal signal with an amplitude of XX mV at equilibrium
discharge potential (� 0.5 V against active carbon; ~50% depth-of-
discharge). First, the EIS measurement of activated carbon j jcRPN
cells were carried out for both fresh and aged cRPN-30 at 0,5 V vs
AC, voltage in which the nanoparticles are partially in a charged
state.

Preparation of cRPNs for supercapacitors

The activated carbon electrode was prepared employing 3 g of
activated carbon (80 wt.%) (NORIT DLC SUPRA 50 94008-5), 300 mg
of carbon black (8 wt.%) and 450 mg of PVDF (12 wt.%). The first
two components were ball milled together in a Retsch Planetary
Ball Mill PM100 (400 rpm, 30 min), then the binder was added with
NMP until obtaining a uniform slurry. The slurry was casted on
carbon cloth (Etek Cloth B; Fuel Cell Earth) through doctor blade
technique with a thickness of 250 μm, dried at 60 °C for 6 h, then
left at 80 °C overnight under vacuum and finally left at 120 °C for
6 h under vacuum. After drying, the cloth is punched into circular
electrodes with 10 mm diameter which are employed as counter
electrodes in a coin cell.

In order to make the buckypaper electrode, first, 15 mg of SWCNTs
are dispersed in 20 mL solution of IPA/NMP (1/1 v/v) through a tip
sonicator for 10 min, half power, half amplitude (ultrasonic
processor UP400S, 400 W, 24 kHz), then, after carefully grinding
5 mg of rGO with 2.5 mg of cRPNs, those are added to the
sonicated solution and then sonicated again. After, this solution is
immersed in a bath sonicator (Branson 2510, 100 W, 42 kHz) for
2 h, then stirred overnight to prepare the electrode ink. The next
step is the filtration of the electrode ink. The suspension was
filtered through a Nylon membrane filter (47 mm diameter, pore
size 0.45 um) with the help of vacuum, followed by thorough
rinsing with isopropanol to remove loosely bound polymer. The
buckypaper was carefully peeled-off from the filter and dried
overnight at 60 °C under vacuum. The buckypaper was cut into
circular discs with a diameter of 8 mm. A control buckypaper was
used without adding cRPNs, employing the same procedure as
mentioned. Electrode mass loading is 2.7 mg/cm2.
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