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From Plant Oils to High-Performance Supercapacitor
Electrode: Poly(guaiazulene) via Photopolymerization

Sena Ermis, Sinem Altinisik, Fahri Catoglu, Yusuf Yagci, Erdem Sari, Steffen Jockusch,*
Sermet Koyuncu,* and Kerem Kaya*

Due to the increasing global demand for electrical energy, the fabrication of ad-
vanced energy storage devices, such as supercapacitors (SCs), with outstand-
ing performance is of paramount importance. Herein, the facile light-induced
synthesis of a conjugated conductive polymer, namely, poly(guaiazulene) (PGz)
is reported on, using a naturally available, low-cost monomer, guaiazulene (Gz).
PGz and PGz_rGO (obtained by combining PGz with reduced graphene oxide
(rGO)) exhibited high-performance supercapacitor (SC) electrode properties,
including remarkable specific capacitance (52.75 F g−1 at 0.24 A g−1 and 258.6
F g−1 at 5.00 A g−1, respectively), excellent cycling stability (97.1% and 94.0%
stability after 5000 cycles), high power density (95.5 and 2118.8 W kg−1),
and, most importantly, high energy density (5.81 and 30.57 Wh kg−1). These
superior features are attributed to the hierarchical porous nature and high
electrical/ionic conductivities of the photochemically obtained PGz. Contrary
to previous techniques that require harsh reaction conditions, such as car-
bonization and coupling reactions, the reported photopolymerization involves
solely the irradiation of an ethyl acetate solution of a Gz-organic photoinitiator
(2-bromoacetophenone) mixture. The photochemical synthesis described here
provides a powerful method to produce a sustainable and high-performance
SC electrode material, offering a great alternative to commercial SCs.

1. Introduction

The rapid evolution of electric cars, airplanes, and optoelectronic
devices has led to a significant rise in the global demand for
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advanced energy storage devices.[1]

Supercapacitors (SCs), also called ultra-
capacitors or electrochemical capacitors,
have recently gained significant interest
due to their superior power density
(≈8 kW kg−1), longer lifespan (>100.000
cycles), and faster charging time (1–
10 s) compared to the existing metal
ion battery technologies (mainly Li-ion
batteries (LIBs) with ≈150 W kg−1 power
density, 500–1000 cycles, 2–3 h of charg-
ing time).[2] SCs can store much more
energy than conventional capacitors and
can supply this energy with higher power
outputs than LIBs, bridging the gap be-
tween conventional capacitors and LIBs.
Today, SCs are found in many applica-
tions that require rapid charge/discharge
ability, such as photographic flashes,
portable speakers, electric/hybrid vehi-
cles, electric screwdrivers, defibrillators,
and some optoelectronic devices.[3]

Onemajor drawback of the SCs is their
limited delivery of energy density (up to
10 Wh kg−1 versus 300 Wh kg−1 of LIBs)

which severely restricts their wide application in many other
technologies.[4] SCs consist of four components; electrode ma-
terial which is the key part, current collector, electrolytes,
and separator that prevent physical contact, thus, preventing
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Figure 1. Different pathways leading to supercapacitor (SC) electrodematerials for SC electrodes. a) Carbonizationmethods generating carbon-based SC
electrodes. b) Coupling Methods leading to CCP-based SC electrodes and c) Reported photopolymerization method leading to poly(guaiazulene)-based
SC electrode.

short-circuiting of the electrodes. Great efforts have been dedi-
cated to improving the energy density of SCs while maintaining
their high power density. [5] This way, next-generation SCs are be-
lieved to be utilized as standalone batteries.[6] In order to obtain
high energy density in SCs, it is crucial to fabricate new electrode
materials with specific properties. Accordingly, an ideal electrode
should have the following key characteristics: i) a porous struc-
ture with a vast pore size distribution for the high accessibility
of electrolytes ii) good electrical/ionic conductivities, and iii) low
production cost.[7]

SC electrodes are generally categorized into three groups.
The first group is the electric double-layer capacitors (EDLCs),
which store charges via Coulombic static charge adsorp-
tion/desorption. The second group is the pseudocapacitors
and they store charges by using fast Faradaic redox reac-
tions in a wide potential range. The last group is the hy-
brid SCs which combine the features of both EDLCs and
pseudocapacitors by taking advantage of both kinds of stor-
age mechanisms, providing both high power and high energy
densities.[8]

A wide variety of materials, including metal oxides,[9]

transition metal carbides/nitrides (MXenes),[10] carbon-based
materials,[11] conjugated conductive polymers [12] and metal–
organic frameworks (MOFs),[13] have been extensively investi-
gated as SC electrodes. Carbon-based materials, e.g. porous (acti-
vated) carbon, graphene,[14] carbon nano-tubes,[15] and fullerenes
have been explored as promising SC electrodes.[16] Among these
carbon-based materials porous carbon, due to its low cost, high
porosity, chemical/thermal stability, and high electrical/ionic
conductivity, is recently regarded as the most promising mate-
rial and is currently used in commercial SCs as the only elec-
trode material.[17] Commercial SCs contain porous carbon elec-
trodes with pore diameters of ≈1–2 nm which are used in con-

junction with aqueous/organic salt electrolytes. Porous carbon
is either obtained by hydrothermal treatments [18] or by the car-
bonization [19] (slow pyrolysis) process of a wide variety of carbon-
based substances, yielding charcoal-like materials (Figure 1a).
Previous studies have demonstrated that fine tailoring of the re-
action conditions is necessary to control the porosity of the final
material.[20]

Conjugated conductive polymers (CCPs) are emerging as
the best alternatives to carbon-based SCs since they are flexi-
ble (important for wearable technologies), environmentally be-
nign, and easy to functionalize.[21] The performances of CCP-
based electrodes rely on their chemical and morphological fea-
tures in the nanoscale, which depend on their macroscale pro-
duction methods.[22] A great variety of conjugated heteroaro-
matic polymers, e.g., polypyrrole, polyaniline, polythiophene and
its derivatives (especially poly 3,4-ethylenedioxythiophene (PE-
DOT)) have been utilized as promising SCs.[23] On the other
hand, their homoaromatic counterparts, namely, conjugated
polycyclic aromatic hydrocarbons (PAHs), notably, polypyrene,
polynaphtalene, and polyazulene, despite their superior pla-
narity, extended 𝜋−surface, and better thermal/chemical resis-
tances, have scarcely been synthesized and investigated.[24–28]

This is mainly attributed to their poor solubility, the difficulty
of their functionalization, and their higher costs.[29] A great ma-
jority of the synthetic methods for CCPs involve the employ-
ment of coupling reactions which require long-time refluxing of
the halogenated monomers in toxic organic solvents in the pres-
ence of expensive transition metal catalysts (Ni (0) and Pd (0))
(Figure 1b).[30]

Recently, there has been a significant shift towards sustain-
ability among scientists due to serious environmental concerns,
with the aim of minimizing both energy and environmental
costs.[31] The ultimate goal is to use mild reaction conditions and
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Figure 2. 1H NMR spectra of a) Gz and b) PGz measured in CDCl3 at
500 MHz.

environment-friendly/green and cheap compounds for the fabri-
cation of technologically important devices.[32] Hence, there is a
growing interest in the preparation of porous carbon-based SCs
using natural compounds such as lignin,[33] chitosan,[34] argan
shell,[35] tannins,[36] water spinach,[37] bio-oils and bio-chars.[38]

However, all the above-mentioned hydrothermal or carboniza-
tion treatments for the synthesis of carbon-based SCs and cou-
pling reactions for the synthesis of CCP-based SCs require high
temperatures and/or corrosive/expensive chemicals, contradict-
ing the concept of sustainability.
In the realm of sustainable chemistry, light-induced poly-

merization (photopolymerization) reactions stand as the best
option, since they require little or no solvent and use light
of different wavelengths, as the sole energy source, minimiz-
ing the energy requirements.[39–43] In addition, photopolymer-
ization reactions have the advantage of spatiotemporal control,
a crucial phenomenon for 3D-printing applications enabling
the fabrication of materials with precise architectures.[44] Re-
garding the application of photopolymerization methods for
the synthesis of organic CCPs, the Kalow research group has

Figure 3. 13C NMR spectra of a) Gz and b) PGz measured in CDCl3 at
125 MHz.

published noticeable works regarding the light-induced chain-
growth polymerization of n-type monomers.[45] On the other
hand, our research group has recently reported the light-induced
step-growth polymerization of different p-type heteroaromatic
and homoaromatic monomers generating industrially important
polymers such as PEDOT [46] and its co-polymers,[47,48] poly-
thiophene derivatives,[49] poly(N-ethylcarbazole),[50,51] poly(N-
methylpyrrole),[52] poly(N-methylindole),[42] and polypyrene,[53]

respectively.
Guaiazulene (Gz), a naturally occurring alkyl derivative of azu-

lene (1,4-dimethyl-7-isopropylazulene) is an abundantly avail-
able PAH (found in many plant species). It serves as a promis-
ing and cost-effective alternative monomer, with a cost ≈100
times lower (≈$5 g−1) than azulene.[54] Despite being widely uti-
lized in various cosmetic and beauty products, such as skin care
creams, hair dyes, toothpaste, and eye solutions, as an FDA-
approved non-toxic substance,[55] there appears to be limited re-
search on its polymerization. Best to our knowledge, only a sin-
gle study has addressed its polymer, namely, poly(guaiazulene)
(PGz).[56] However, this study reported the occurrence of PGz in
oligomeric form, consisting of five to six repeating units. Nev-
ertheless, these oligomers displayed promising optoelectronic
features.
Driven by our previous light-induced step-growth polymeriza-

tion of conjugated monomers [46–53] and by the possibility of us-
ing a natural, cheap organic monomer (Gz) as a sustainable re-
source for the fabrication of advanced energy storage devices,
herein, we report for the first time, on the light-induced synthe-
sis and characterization of near-infrared (NIR) absorbing PGz
with outstanding SC electrode features (Figure 1c). The supe-
rior electrode properties of PGz are attributed to its high electri-
cal/ionic conductivities and its homogeneous nanoporous struc-
ture with vast pore size distribution. The evidenced doped na-
ture of PGz is responsible for the electrical/ionic conductivi-
ties. The reported method involves the UV-A irradiation of the
ethyl acetate solution of Gz and phenacyl bromide (PAB) ren-
dering the advanced system energetically much more efficient
and sustainable than the conventional carbonization or coupling
methods.

2. Results and Discussion

2.1. Light-Induced Synthesis of PGz

PGz was synthesized by adapting a previously employed reaction
procedure for the light-induced synthesis of PEDOT.[46] Details
of the reaction procedure can be found in the Experimental Sec-
tion of the Supporting Information. In short, equimolar amounts
of Gz and PAB were dissolved in ethyl acetate (EtAc) solvent and
then irradiated at room temperature using a UV-A light-emitting
photoreactor for 24 h. Then, the solution was precipitated into
10-fold cold diethyl ether to remove unreacted Gz, PAB, and ace-
tophenone (side product). The resultant dark green colored poly-
mer was then dried under vacuum at room temperature for 24 h.

2.2. Synthesis of Dedoped PGz

Chemical dedoping is a well-known neutralization procedure to
remove the dopant ions using mostly diamines, acting as strong
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Figure 4. a) Transient absorption spectrum of PAB (10 m) in the presence
of Gz (0.1 mM) in deoxygenated acetonitrile solutions recorded at 0.5–
1.5 μs after the laser pulse (355 nm, 7 ns pulse width) The inset shows the
growth kinetic of the Gz radical cation monitored at 390 nm. b) Determi-
nation of the bimolecular rate constants kqGz of generation of transients
at 390 nm. Pseudo-first order rate constant (kobs) determined from the
growth of the transient absorption at 390 nm versus varying concentra-
tions of Gz.

reducing agents.[57] For the dedoping procedure, dark green PGz
powder was initially poured into 100 mL methanol. Then, hy-
drazine monohydrate was added drop-wise while continuously
stirring until the color of the solution turned from dark green to
dark brown. Dedoped PGz was then dried under a vacuum for
24 h. Photos of Gz powder, PGz, and dedoped PGz powders can
be seen in Figure S1 (Supporting Information).

2.3. Structural Characterization of PGz and Dedoped PGz

Initially, 1H NMR (Figure 2a,b) and 13C NMR spectra
(Figure 3a,b) of Gz and PGz were measured to compare
the spectra and examine polymeric species. The broadening of
all the peaks in the spectra of PGz (both aliphatic and aromatic
regions) (Figures 2b and 3b) is a clear indication of the successful
polymerization. In addition, the disappearance of the peak at
112 ppm and a significant decrease in the intensity of the peak at
125 ppm (Figure 3b) highlight the main connections (couplings)
through 3-, 5- positions (g- and f-positions, respectively) of Gz
units. The disappearance of the peak at 112 ppm indicates
that head-to-head connection from -g carbon (3-position) is
more dominant than head-to-head connection from -f carbon
(5-position). This phenomenon is later discussed in the theo-
retical calculations and attributed to the sterically less hindered
surrounding of carbon at -g position. Control experiments
evidenced the crucial role of the combination of light and PAB
since there was no spectral change (1H NMR) in the absence of
light (Figure S2, Supporting Information) or PAB (Figure S3,
Supporting Information).

Table 1. Reaction details of the light-induced synthesis of PGz.

Monomera) Conversion b)[%] Mw
c) [kDa] m/z d) Ð c) Polymer

Gz 52 2.19 2514 2.0 PGz
a)
Photopolymerization reaction was performed in EtAc solvent at 355 nm nominal

irradiation for 24 h.More details of the photopolymerization procedures can be found
in the Supporting Information;

b)
Conversion was determined gravimetrically after

drying the polymer under vacuum;
c)
Determined by GPC;

d)
Determined by MALDI-

TOF.

Infrared spectra measurements of Gz, PGz, and dedoped PGz
were also conducted to compare the differences (Figure S4, Sup-
porting Information). While no significant changes were ob-
served in the functional groups of the polymer, the drastic in-
tensity increase observed ≈3370 cm−1 in the spectrum of PGz
is attributed to the atmospheric water molecules (─OH stretch-
ing) interacting with dopant ions (bromide anions and radical
cations) through ion-dipole interactions.[47] Significant changes
were also present in the fingerprint regions of Gz and PGz (1300–
800 cm−1 ), indicating different C─C bonding (couplings) be-
tween the repeating Gz units. In the IR spectrum of dedoped
PGz, due to the removal of the ions during the dedoping proce-
dure, no significant peak corresponding to ─OH stretching was
present ≈3400 cm−1 .
Following the main spectral investigations (NMR and IR), the

molecular weight of PGz was investigated by gel-permeation
chromatography (GPC) (Figure S5, Supporting Information)
and by matrix-assisted laser desorption-ionization time-of-flight
(MALDI-TOF) spectroscopy (Figure S6, Supporting Informa-
tion). Table 1 depicts the reaction conditions, weight-average
molecular weight (Mw), and dispersity (Ð) of PGz together with
the monomer conversion and reaction details for the light-
induced polymerization of Gz. The mass spectrum (Figure S6,
Supporting Information) exhibits the presence of polymeric
species having m/z ≈2515 representing ≈13 repeating Gz units
each separated by m/z ≈200. Compared to the previously ob-
tained PGz, via GZ oxidation by FeCl3 vapor, the much larger
number of repeating Gz units was observed using both gel-
permeation chromatography (GPC) andMALDI-TOF (5–6 vs 12–
13). Additionally, the mass spectrum displays oligomers (dimer,

Figure 5. Proposed reaction mechanism of the light-induced polymeriza-
tion of Gz leading to PGz.
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Figure 6. Morphological Images of PGz. a) SEM. b) TEM images of PGz powder. c) AFM images of the pristine PGz film on a glass surface. d) PGz film
on graphite sheet. e) PGz_rGO film on graphite sheet.

trimer, and tetramer) with the highest intensities along with
higher molecular weight polymeric species with lower intensi-
ties. These data are in good coherence with the mass spectrum
of poly(N-ethylcarbazole) obtained using a similar photopolymer-
ization method [50] and evidence once again the step-growth na-
ture of the reported polymerization method. The absence of any
peak(s) representing brominated species (51:49 ratio of inten-
sity due to 79-Br and 81-Br isotopes) or phenacylated species
(+106 m/z) confirms that the photoinitiator didn’t take part in
the termination step of the reported light-induced polymerization
reaction.
As mentioned in the introduction part, good electrical/ionic

conductivities are the key factors for the superior performance of
any SC electrode. Electrical/ionic conductivities of PGz and de-
doped PGz were measured using a four-point probe and an ionic
conductometer, respectively at room temperature and 50% RH.
While PGz exhibited an electrical conductivity of 0.14 mS cm−1,
its dedoped analogue had a conductivity of only 1 μS cm−1. This
expected result in the dedoped PGz is attributed to the removal
of charges (removal of radical cations and bromide ions) which
are responsible for the electrical conductivity of PGz. Similarly,
while different concentrations of aqueous PGz solutions dis-
played good ionic conductivities (Table S1, Supporting Informa-
tion) reaching up to 3.72 mS cm−1, developed PGz due to its in-
solubility in water did not display any ionic conductivity.
The crystallinity of the Gz monomer and PGz was evaluated

by conducting powder X-ray diffractography (PXRD) (Figure S7,
Supporting Information). Gz due to its already well-known crys-
tallinity, exhibited sharp peaks.[58] On the other hand, PGz’s
diffractogram displayed a totally amorphous character with no
sharp peaks and a single broad peak centered at 22° (2-theta).
This is due to the strong 𝜋−𝜋 stacking of the aromatic units cor-
responding to a distance of ≈4 Ǻ.[59] Strong 𝜋−𝜋 interactions in
the solid state, are expected to result in excellent morphological
properties that are crucial for improved ion transportation.[60]

To check the wettability of the monomer and the polymers
(PGz and dedoped PGz) contact angle measurements were per-

formed using pellets prepared using IR pellet system. Figure S8a
(Supporting Information) shows the water contact angle results
and Figure S8b (Supporting Information), photos of all contact
angle measurements. Three angles during 1min shot (each 20 s)
were averaged. Accordingly, while Gz’s water contact angle is
91.7° which makes Gz slightly hydrophobic, PGz’s water contact
angle is 56.1°, displaying hydrophilic character. This hydrophilic-
ity is due to the presence of dopant ions which were also observed
in the above measurements. On the other hand, dedoped PGz’s
water contact angle is 133.8° which renders dedoped PGz highly
hydrophobic.
Laser flash photolysis experiments were performed to investi-

gate the nature of the reactive species involved in the photopoly-
merization of Gz. Excitation of PAB in deoxygenated acetonitrile
solutions with laser pulses of 355 nm yielded only weak transient
absorption signals.[52] However, in the presence of 10 mmGz the
growth of a strong transient with a maximum at 390 nm was ob-
served (Figure 4a). The transient was assigned to the Gz radical
cation based on a spectrum of azulene radical cations reported
in the literature.[61] The signal growth followed first-order kinet-
ics with a rate constant of kobs = 4.0 × 106 s−1. Variation of the
Gz concentration (20–200 μm) revealed a strong dependence on
the rate constant of the growth of the transient absorption of Gz
radical cations. The plot of this rate constant (kobs) versus the Gz
concentration gave the bimolecular rate constant of generation
of Gz radical cations (kqGz = 3.2 × 1010 m−1 s−1) (Figure 4b).
Based on the laser-flash photolysis and spectroscopic data,

a proposed reaction mechanism is depicted in Figure 5. Ini-
tially, through its excited triplet state, PAB photodecomposes
under UV-A irradiation to phenacyl and bromine radicals. The
highly reactive bromine radical accepts an electron from the Gz
monomer forming Gz radical cation with bromide counter an-
ion. Coupling of two Gz radical cations by the release of 2 moles
of HBr acid form the Gz dimer. Further irradiation, oxidation by
bromine radicals, and release of HBr by coupling reactions result
in the formation of polymeric species in a step-growth fashion.
Due to the presence ofHBr in the system, the final polymers have

Adv. Electron. Mater. 2025, 11, 2400570 2400570 (5 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 2025, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202400570 by C
anakkale O

nsekiz M
art U

ni, W
iley O

nline L
ibrary on [04/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

Figure 7. a) Cyclic voltammograms Gz and b) PGz in a 0.1 m TBAPF6/ACN electrolyte solution at a scan rate of 100 mV s−1 with Ag/AgCl. c) UV–vis
spectra of PGz measured in various organic solvents and the spectrum of dedoped PGz (orange line) measured in chloroform. d) UV–vis spectra of Gz
(blue line) and PGz (green line) measured in ethanol.

a doped nature since it is well-established that mixing of such
Brønsted acids with con-jugated polymers forms conductive con-
jugated polymers.[62]

Thermal gravimetric analysis (TGA) was conducted to get in-
sights into the thermal stabilities of Gz, PGz, and dedoped PGz
(Figure S9, Supporting Information). While PGz displayed ther-
mal stability up to 104 °C (first 5% weight loss), dedoped PGz
was thermally more stable and displayed the first 5% weight loss
≈170 °C. The main reason for the higher thermal stability of the
dedoped PGz is due to the absence of dopant ions. Our previous
works have demonstrated that bromide anions start to evaporate
≈150 °C.[50] At 800 °C, PGz has the highest char yield (47%). The
higher char yield of PGz compared to dedoped PGz (43% char)
is attributed to the slight degradation of the polymer during the
dedoping procedure.[63]

Following the spectral and thermal characterizations, morpho-
logical properties of PGz were examined using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and AFM (atomic force microscopy) (Figure 6a–e). In line with
the PXRD data (Figure S6, Supporting Information) SEM data
of PGz also revealed an amorphous morphology with intercon-
nected pores (macro- and mesopores) (Figure 6a). In the SEM
micrograph, the formation of aggregates composed of homoge-
neously distributed spheres with ≈100 nm radius was observed.
These spherical aggregates, supported by TEM images

(Figure 6b), indicate a regular and repeatable structure of PGz,

which ensures consistent physical properties that are important
for ion transportation.
Moreover, the uniform distribution of interconnected pores

enables the movement of electrolyte counter ions in the dop-
ing/dedoping process, which can ultimately result in an increase
in capacitance.[64] Homogenous nanoporous structure helps to
buffer volume changes during the charge/discharge process,
thus, improving the cycling stability. AFM image of the pristine
PGz film prepared via drop-casting (Figure 6c), exhibits a highly
uniform distribution of PGz particles (RMS 11.15 nm) underpin-
ning its application in energy storage devices. On the other hand,
in the AFM image of the electrode prepared on a graphite sheet
using PGz as a binder with PVDF: HFP (Figure 6d), a porous and
undulating surface was observed, with slightly increased rough-
ness value (RMS 16.52 nm). Upon addition of rGO to PGz, the
AFM image (Figure 6e) of the similar electrode system showed
expanded undulations and increased micro-level porosity (RMS
37.30 nm). PGz_rGO film on graphite sheet.
Nitrogen (N2) physisorption isotherm analysis of PGz was

performed at 77 K up to a pressure of 1 bar; the Brunauer–
Emmett–Teller (BET) specific surface area (SSA) was measured
as 22.3 m2 g−1 with an average pore size of 4.6 nm (Figure S10,
Supporting Information). The pore width distribution statistics
demonstrate that PGz has a mesopore-dominated porous struc-
ture. It has been previously demonstrated that a hierarchical pore
size distribution in which large pores surround smaller pores

Adv. Electron. Mater. 2025, 11, 2400570 2400570 (6 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 8. Theoretical HOMO-LUMO charge distribution and energy levels of Gz, dedoped PGz, and PGz at the B3LYP/6-31G (d,p) basis set, respectively.

results in a broad pore size distribution. In addition, mesopores
(2–50 nm) are believed to facilitate the passage of electrolytes
(ions) to micropores.[65] Compared to reported SCs, the relatively
lower SSA of PGz is attributed to the close pack-aging due to
the strong 𝜋−𝜋 interactions observed in PXRD. While high SSA
is considered as an important factor (especially for EDLC-type
SCs),[66] porosity plays a more crucial role in the ion diffusion
kinetics depending on the pore interconnectedness that would
theoretically result in more pseudocapacitative character.[67]

The electrochemical properties of both monomer (Gz) and
polymer (PGz) were investigated using cyclic voltammetry (CV)
(Figure 7a,b). The reversible reduction peak observed in the ca-
thodic scan (E_red (m,a) = −1.66 V) is ascribed to the reduction
of the bipolar behavior Gz ring.[68] In the anodic scan of the Gz
monomer, the irreversible oxidation peak observed at 0.94 V is at-
tributed to the condensed 𝜋-conjugated structure. After the aryl-
aryl coupling reaction occurring during the polymerization pro-
cess, the oxidation onset potential remained almost the same in
PGz compared to themonomer due to the localization of charges
within the repeating units. The first peak observed ≈ −0.33 V

during the cathodic scan of PGz is attributed to the reduction of
the charged (doped) structure formed as a result of polymeriza-
tion. The second reduction was observed at a more negative po-
tential (ca. −1.6 V) showing a partially positive shift and modifi-
cation of the electrochemically reversible reduction behavior due
to radical quenching, which results from the conjugated bond
system.[69] According to all these CV results, the electrochemical
bandgap values forGz and PGzwere found to be 2.30 and 2.08 eV,
respectively.
In the comparison of the UV–vis absorption spectra of Gz

and PGz (Figure 7c) a red shift of ≈100 nm (590 to 690 nm)
observed in PGz is due to aryl-aryl coupling reaction result-
ing from the polymerization (extended conjugation) and also
due to formation of guaiazulenium radical cations.[70] Previous
studies have demonstrated a correlation between the ratios of
cationic species and the intensity of the peak ≈690 nm, in-
dicating a highly doped nature for PGz.[71] Much higher ab-
sorption observed between 400 and 500 nm, in the spectrum of
PGz, is also attributed to the 𝜋−𝜋∗ transition resulting from the
formation of poly(guaiazulene). The UV–vis spectra of PGz in

Adv. Electron. Mater. 2025, 11, 2400570 2400570 (7 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 9. Cyclic voltammograms a) PGz electrode and b) PGz_rGO electrode. Percentage of EDL and pseudocapacitive behavior according to Dunn
method at different scan rates and 0.15 V for c) PGz electrode and d) PGz_rGO electrode.

different solvents show large bathchromic shifts (Figure 7d)
reaching the NIR region (≈750 nm), with molar absorptivity co-
efficients of ≈20 000 L mol−1cm−1 in ethanol solution. Theoret-
ical calculations suggest that the positive net charges of the ox-
idized states in azulene and its derivatives are localized in the
seven-membered ring.[72] Upon chemical dedoping, the band at
≈690 nm disappears, indicating neutralization.
Moreover, UV–vis data (Figure S11, Supporting Information)

reveal that PGz has slight solubility in water (3 mg mL−1), mak-
ing it an attractive material also for various bio-applications. The
water solubility of PGz is due to ion-dipole interactions between
the dopant ions (radical cation and bromide) and polar water
molecules. Both electrochemical and optical features of the pho-
tochemically obtained PGz strongly suggest that it can be utilized
as a promising HTM, especially for organic electronics.[73]

TheoreticalHOMO-LUMOcharge distribution and energy lev-
els of Gz, dedoped PGz, and PGz were calculated using the
B3LYP/6-31G (d,p) basis set (Figure 8). Gz is an azulene deriva-
tive, characterized by its relatively high HOMO and low LUMO
energy levels, attributed to its distinctive polarized structure.[74]

Unlike azulene, the branched alkyl chains present in Gz, sig-
nificantly improve solubility after polymerization. 3D struc-
tures of the monomer and possible polymeric structures in the
Cartesian coordinate plane were supported by geometric opti-

mization (Figure S12, Supporting Information). In this context,
its 2D extended 𝜋-system around the core makes it an excellent
candidate for hole transport components in solution-processed
organic electronic devices.[62] 3- and 5- positions in the five and
seven-membered rings of Gz, respectively, where polymerization
mostly occurs, have large HOMO coefficients. The HOMO of
Gz is distributed in odd-position carbon atoms, while the coeffi-
cients of the LUMO and the HOMO-1 are larger in even-position
carbon atoms. On the other hand, in the possible dedoped PGz
structure, it is observed that charges are localized on the seven-
membered rings at the HOMO, while at the LUMO, they are dis-
tributed across the conjugated structure. In the PGz structure,
due to the effect of the counter ion (bromide), the charges at
the HOMO are more concentrated on the seven-membered ring,
leading to an increase at the HOMO energy level by ca. 0.35 eV.
At the LUMO, similar to the dedoped structure, charge delo-
calization is clearly observed across the entire conjugated struc-
ture. Besides, in the electron density maps of the Gz and PGz
structures, it can be observed that the five-membered ring has a
highly electronegative character, while the electropositive charac-
ter increases in the seven-membered rings (Figure S13, Support-
ing Information). These results also enhance the bipolar charac-
ter in the Gz and PGz structures, facilitating the S0-S1 transi-
tion in the UV–vis spectra within the visible and NIR regions,

Adv. Electron. Mater. 2025, 11, 2400570 2400570 (8 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 10. Galvanostatic charge and discharge (GCD) curve a) PGz electrode. b) PGz_rGO electrode. Capacitance values of c) PGz electrode and
d) PGz_rGO electrode at various current densities. e) Nyquist curves of the PGz and PGz_rGO electrodes with doping modes. f) Cycling stabilities.

respectively, which is attributed to the forbidden HOMO-LUMO
transition.
The capacitive performances of the PGz and PGz_rGO elec-

trodes were assessed using cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) measurements. Figure 9a,b illus-
trate typical cyclic voltammograms of electrodes developed at dif-
ferent scan rates ranging from 50 to 500mV s−1 within the poten-
tial range of −0.2 to 0.5 V. For all scan rates, the voltammograms
are quasi-square in shape; this supports the ion-electrode pore
compatibility at the electrode-electrolyte interface.[75] Although
the semi-rectangular CV profiles deviate relatively from the rect-
angular shape at higher scan rates, due to diffusion limitations
and increased transfer resistance, both CV curves exhibit ideal
capacitive behavior.[76]

In addition, the CV curves reveal that the PGz_rGO elec-
trode exhibits a significantly larger loop area compared to the
PGz electrode, suggesting a higher capacitance value. This el-
evated capacitance in the PGz_rGO electrode is likely due to
the synergistic effects within the PGz_rGO, stemming from the
substantial pseudocapacitive contribution of PGz and the ex-
cellent electrical conductivity of the rGO. The interconnected
structure of the PGz_rGO provides numerous diffusion chan-
nels for rapid faradaic reactions and reduces the diffusion length
of electrolyte ions. Furthermore, an in-depth examination of
the cyclic voltammetry profiles was conducted to observe the
charge-storage mechanisms in the PGz_rGO electrode, employ-
ing the power law. The analysis of the CV data, employing the
Dunn equation (i = k1𝜈 + k2 𝜈

0.5), allows for the determination
of processes controlled by the electrical double layer (EDL) and
pseudo-capacitance. Here, the first term, k1𝜈, signifies the cur-
rent attributed to the EDL effect, whereas the second term, k2𝜈0.5,

represents the current linked with pseudocapacitive reactions.[77]

Although the pseudo-capacitive mechanism was dominant in
both electrodes, it was shown that the EDL effect increased sig-
nificantly during ion doping and dedoping of PGz at increasing
scan rates (Figure 8c,d). Thus, both electrodes can be regarded as
hybrid SC electrodes.
Within a potential window of 0.0–1.0 V, PGz-based electrodes

exhibit relatively symmetric triangular shapes at current densi-
ties ranging from 0.24 to 0.50 and 5.0 to 10.0 A g−1 (Figure 10a,b).
The fact that the GCD curves are not perfectly triangular indi-
cates that the electrodes possess higher pseudocapacitive charge
storage properties compared to EDLC properties. This is particu-
larly evident in the PGz_rGO electrode and supports the higher
pseudo-capacitive contribution in PGz_rGO as calculated from
the Dunn equation. The PGz electrode exhibits a specific capaci-
tance of 52.75 F g−1 at a current density of 0.24A g−1, while retain-
ing 79.3% of its initial capacitance (41.85 F g−1) at 0.50 A g−1. In
contrast, the PGz_rGO electrode shows a specific capacitance of
258.6 F g−1 at a current density of 5.00 A g−1, decreasing to 85.1%
of its initial capacitance (220.1 F g−1) at 10.0 A g−1 (Figure 10c,d).
The EIS technique was used to evaluate the charge-transfer

resistance (Rct) and the diffusion of electrolyte ions to the elec-
trode surface (Figure 10e). The EIS spectra were analyzed over
a frequency range of 1 MHz to 80 mHz to further assess the
charge transport properties of the samples. The Rct value, which
is an important factor in evaluating the conductivity of the elec-
trodes and is obtained from the diameter of the semicircle in the
high-frequency region, was found to be lower in the PGz_rGO
electrode. This indicates faster reaction kinetics and remarkable
electrical conductivity due to the synergistic effect between PGz
and rGO molecules and the presence of graphene oxide in the

Adv. Electron. Mater. 2025, 11, 2400570 2400570 (9 of 11) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 2025, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202400570 by C
anakkale O

nsekiz M
art U

ni, W
iley O

nline L
ibrary on [04/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

composite. Additionally, the internal resistance (Rs), determined
from the intersection of the EIS curve with the Re(Z) axis, shows
that the PGz_rGO electrode has a steeper slope in the linear re-
gion compared to the other electrode, indicating greater ion dif-
fusion to the electrode surface; the voids in the structure facilitate
the transport of ions and electrons.[78] The electrochemical stabil-
ity (cycling stability) of PGz and PGz_rGO electrodes was exam-
ined in 1 m H2SO4 aqueous electrolyte by galvanostatic CD mea-
surements (Figure 10f) at current densities of 0.24 and 5.00 A g−1.
After 5000 cycles, the electrochemical retention showed a loss of
only 2.9% for PGz and 6% for PGz_rGO. These results are supe-
rior tomany of the previously fabricatedCCP-based SC electrodes
and are attributed to both nanoporous networks and high ionic
density (radical cations and bromide ions) present in PGz.

3. Conclusion

Our findings outline a facile and sustainable photopolymeriza-
tion method for the fabrication of a natural substance-based
conjugated conductive polymer possessing remarkable SC elec-
trode features. Especially, PGz_rGO’s supercapacitor perfor-
mance figures were all comparable to those of commercial super-
capacitor electrodes, such as high energy density (30.57 vs ≈10–
20Wh kg−1), high power density (2118.8 vs 2000–10 000W kg−1),
high cycling stability (97% vs near 100% after 5000 cycles) and
finally high specific capacitance (258.6 vs ≈100 F g−1).[79] The
superior SC properties of PGz and PGzare attributed to their
high electrical/ionic conductivity, their hierarchical porous mor-
phology, and finally the presence of strong 𝜋−𝜋 interactions ob-
served in PXRD, which are expected to play a crucial role in ion
transportation. Considering the large-scale implications of the
production of modern carbon-based SC electrodes, PGz can be
a new edge for commercial SC electrodes. Combined with rGO
which has a high surface area, PGz displayed excellent SC elec-
trode properties including fast charge/discharge, high energy,
and power densities. The PGz_rGO electrode can be a promising
sustainable alternative to commercial porous carbon-based SCs.
Photochemically obtained PGz displayed favorable optic proper-
ties with high molar absorption coefficients in organic solvents
and also in water, making it a promising candidate for various op-
toelectronic applications. Moreover, considering PGz’s water sol-
ubility, its absorption in the NIR region, and the previous demon-
strations of the generation of reactive oxygen species (ROS) dur-
ing the irradiation of guaiazulene,[80] PGz holds potential for
bioapplications such as photodynamic therapy (PDT).
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