View Article Online

View Journal

M) Cneck tor updates

Nanoscale
Advances

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. Heiba, M. O.
Abdelsalam and E. N. El Sawy, Nanoscale Adyv., 2026, DOI: 10.1039/D6NAOC0029K.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Nanhoscale
Advances

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
B o conery shall the Royal Society of Chemistry be held responsible for any errors
= OF CHEMISTRY S or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/nanoscale-advances
OF CHEMISTRY

(3


http://rsc.li/nanoscale-advances
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6na00029k
https://pubs.rsc.org/en/journals/journal/NA
http://crossmark.crossref.org/dialog/?doi=10.1039/D6NA00029K&domain=pdf&date_stamp=2026-02-18

Page 1 of 48 Nanoscale Advances

View Article Online

Graphene Oxide Nanoribbons Grafted with Thionine as Versatileosonsnaooo2ox
Materials for Energy Storage and Hydrogen Evolution Electrocatalysis

Asmaa R. Heiba'#, M.O. Abdel-Salam!>3# and Ehab N. El Sawy!*

1. Department of Chemistry, School of Sciences and Engineering, the American
University in Cairo, Cairo, 11835, Egypt

2. Analysis and Evaluation Department, Egyptian Petroleum Research Institute (EPRI),
1 Ahmed El Zomor St., Nasr City, Cairo, 11727, Egypt

3. Central Analytical Laboratories, Nanotechnology Research, Egyptian Petroleum
Research Institute (EPRI), 1 Ahmed El Zomor St., Nasr City, Cairo, 11727, Egypt

* Corresponding Authors: Ehab N. El Sawy (e-mail: ehab.elsawy@aucegypt.edu)

# Authors contribute equally to the work

Abstract

Wastewater treatment, energy storage, and green fuel generation remain among the most
pressing global challenges. In this work, environmental remediation and energy conversion are
addressed simultaneously by immobilizing the toxic dye thionine onto graphene oxide

nanoribbons (GONRs) to create a functional composite for advanced energy applications. The

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

GONRs/thionine materials were synthesized via hydrothermal (HT) and room-temperature

(RT) routes and systematically characterized using SEM, TEM, XRD, UV—vis, FT-IR, Raman

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

spectroscopy, and XPS. Their electrochemical performance for supercapacitor and hydrogen

(cc)

evolution reaction (HER) applications was evaluated through CV, GCD, EIS, LSV, and CP
measurements. For supercapacitor applications, thionine-functionalized GONRs demonstrated
a marked enhancement in capacitance in 1 M H,SO, arising from thionine-induced
pseudocapacitance. GONRs/Th (RT) exhibited a specific capacitance of 732 F/gat 1 A/gina
three-electrode setup. A symmetric two-electrode device made from GONRs/Th (RT) reached
a capacitance of 141 F/gat 1 A/g withina 1.7 V window, delivering a maximum energy density

of 57 Wh/kg, a power density of 8.305 kW/kg, and maintaining 102% after 10,000 cycles. In
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HER, GONRs/Th (HT) showed an overpotential of 122 mV at 10 mA/cm2 and a Tafel sIop&i;oosox

of 91 mV/dec, highlighting its potential as a versatile, eco-friendly electrode material.

Keywords

Supercapacitor, Upcycling dyes, Thionine, Graphene Oxide Nanoribbons, HER

Electrocatalysis.

1. Introduction

Dependence on fossil fuels endangers environmental stability and worsens the effects of
climate change.[1-3], driving intensive research into storage technologies and clean fuel
production[4,5]. Two key approaches are electrochemical energy storage in supercapacitors
(SCs) and renewable fuel production through water electrolysis. Supercapacitors (SCs) are
gaining attention as an effective energy storage option due to their rapid charge-discharge
performance and durable cycling. [6,7]. SCs can deliver rapid energy surges, making them
suitable for applications that demand high power for short periods. [8]. In parallel, green
hydrogen production via water electrolysis provides a complementary pathway to store
renewable energy as a transferable fuel, making it a crucial technology for future green fuel
production [9]. However, conventional devices for both technologies rely on scarce and costly

materials.

Organic-based electrode materials offer a viable alternative owing to their abundant
availability, customizable structures, and environmental sustainability [10,11]. Among organic
molecules, n-type molecules containing azo (N=N) [12,13], carbonyl (C=0) [14-16], nitro (—
NO,) [17], imine (C=N) [18], or sulfide (-S-S-) [19] groups deliver fast kinetics, high

capacities, and favorable redox potentials [20,21]. However, they often suffer from poor
2
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conductivity and electrolyte dissolution [10]. To address this, particular attentigy, has et oosox
given to thionine. A phenothiazine-based dye that combines C=S and C=N redox-active sites,
offering high reversibility, a broad pH-dependent voltage window, and a theoretical capacity
of = 235 mAh/g, as well as suitable active sites for HER [8,22,23]. Yet, its environmental
toxicity and instability limit direct application [24]. Embedding thionine in inorganic matrices
can address these challenges by forming robust organic—inorganic hybrid systems through

covalent and/or m—m interactions [25].

Although carbon-based electrodes have low energy density due to their stacking and
relatively low surface area, they are remarkably chemically and thermally stable and highly
conductive, making them an excellent choice as inorganic matrices [26-28]. In carbon
electrodes, the primary mechanism for charge storage is electric double-layer (EDL)
capacitance, with pseudocapacitance playing a minor role. Multi-walled carbon nanotubes
(MWCNTs) are increasingly considered for supercapacitor applications due to their excellent

conductivity, chemical stability, and well-organized nanostructure. [27]. However, their rope-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

like aggregation restricts ion transport, mainly inside the tubes, thereby limiting capacitance

[29]. A rational modification to overcome these limitations is the unzipping of MWCNTs into

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

graphene oxide nanoribbons (GONRs), which produces shorter, more accessible

(cc)

nanostructures with improved electrochemical performance [30]. GONRs combine ultra-high
conductivity (~10* S/cm) with stronger pseudocapacitive behavior and a higher volume-
specific capacity than MWCNTs [31]. In addition, the abundant -OH/-COOH groups on
GONRs’ surfaces serve as excellent anchoring points for organic molecules, enabling the
construction of composite materials that can inhibit the spontaneous restacking of GONR
sheets [32]. The negatively charged GONR surface further promotes electrostatic adsorption
of cationic dyes like thionine, while -COOH edge groups can form stable amide bonds with

their -NH, groups. Incorporating thionine thus both suppresses GONR restacking and prevents
3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00029k

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

thionine dissolution, yielding hybrid electrodes for supercapacitor application yith highets

capacity, improved cycling stability, and reduced environmental risks.

Beyond energy storage, such functionalization strategies are equally critical for
electrocatalysis. In this context, carbon materials doped with nitrogen and sulfur have attracted
interest due to their enhanced performance in hydrogen evolution reactions (HER). [33,34].
Doping carbon with nitrogen, sulfur, or both modifies its electronic structure, improving
conductivity and generating abundant active sites, thereby increasing catalytic activity. N, S-
co-doped carbons exhibit a lower onset potential, improved kinetics, and stability, with
reported Tafel slopes as low as ~57 mV/dec[35]. Inspired by these advances, we designed a
hybrid material by grafting thionine molecules onto graphene oxide nanoribbons (GONRs) to
combine the merits of organic molecules with the conductive properties of carbon matrices.
This approach integrates C=N and C=S redox-active groups from thionine into the carbon
matrix, enabling a detailed examination of their effects on the electrocatalytic performance of
GONRs in the hydrogen evolution reaction (HER). Ultimately, this method offers a versatile
platform for developing advanced energy storage systems and electrocatalysts for sustainable

hydrogen production.

Accordingly, in this work, we synthesized a novel GONRs/Th composite via one-step
physical mixing at room temperature and under hydrothermal conditions, aiming to design an
organic-inorganic hybrid electrode material that is efficient for both HER electrocatalysis and
supercapacitor applications. The GONRs/Th composite was examined using various physical
and chemical techniques to verify the attachment of thionine to the GONRs surface and to
detect differences in properties resulting from different synthesis methods, thereby facilitating
better correlation between the electrochemical behavior and the composite. The

electrochemical evaluation of the GONRs/Th composites revealed enhanced supercapacitor
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properties relative to pure GONRs, particularly for the GONRs/Th (RT) vagiant, , wWhicHs;oosox
exhibited significantly higher specific capacitance and greater energy storage capacity.
Additionally, the GONRs/Th (HT) composite exhibited remarkable electrocatalytic activity for
the hydrogen evolution reaction (HER), with notably lower overpotential and Tafel slope than
both the GONRs/Th (RT) and the original GONRs. By attaching thionine to GONRs through
an amid bond, we established an effective conductive network that facilitates electron and ion
transport, strengthens the interaction between organic and inorganic parts, and offers stable,

efficient active sites for HER catalysis.

2. Experimental Work

2.1. Materials

The initial material, Multi-walled carbon nanotubes (MWCNTs), was sourced from the

Egyptian Petroleum Research Institute (EPRI) located in Cairo, Egypt. These nanotubes have

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

outer diameters of 20-40 nanometers and were produced by chemical vapor deposition (CVD).

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

The chemicals involved included hydrogen peroxide (H,O,, 30%, Merck), sulfuric acid (H,SO,,

(cc)

98%, Sigma-Aldrich), potassium permanganate (KMnQO,, Sigma-Aldrich), hydrochloric acid
(HCl, 30%, Merck), potassium hydroxide (KOH pellets, Sigma-Aldrich, >85%), and thionine
(C1oH oN5S*, Sigma-Aldrich). Dialysis tubing (Product No. D9402) and 0.45 pum nylon
membranes from Sigma-Aldrich were used. All procedures used purified water with resistivity

exceeding 18.3 MQ-cm.

2.2. Production of GONRs

GONRs were produced by oxidative unzipping of MWCNTs, an approach adapted from

D. Kosynkin et al.'s [30,36]. Briefly, 0.3 g of multi-walled carbon nanotubes (MWCNTSs) were
5
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dispersed in concentrated sulfuric acid (120 mL) and stirred at ambient tempergtyrg, for; 24
hours. Subsequently, 1.5 g of potassium permanganate (KMnO,) was added gradually while
maintaining the temperature below 20 °C. After cooling the mixture in an ice bath, 400 mL of
deionized water was slowly introduced, followed by vigorous stirring for 30 minutes to dilute
the mixture. The solution was subsequently heated to 85 °C and continuously stirred for a
further 4 hours. To inhibit insoluble manganese dioxide (MnQO;) formation, 60 mL of 30%
hydrogen peroxide (H,0,) was added, along with deionized water (200 mL), before the
washing step. The graphene oxide nanoribbons (GONRs) were purified by sequential washes
with 10% hydrochloric acid until the solution approached a neutral pH, followed by rinsing
with deionized water. The suspension was either used directly to fabricate composites and
conduct electrochemical tests to prevent GONR stacking, or it was filtered through a 0.45 um
nylon membrane, washed with ethanol and water, and then vacuum-dried at 60 °C for

subsequent physical characterization.

2.3. Synthesis of GONRs/Th composites

The GONRs/Th composites were synthesized via physical mixing of GONRs and Th at
room temperature (RT) or mixing at RT followed by hydrothermal treatment (HT). For the
physical mixing process at room temperature, 25 mL of a GONRs suspension (1 mg/mL) was
combined with 13.6 mg of Th, which was incorporated into the dispersion (Scheme 1). The
solution was stirred continuously for 4 hours, followed by 1 hour of sonication at ambient

temperature to promote thionine integration into the GONR layers.

Page 6 of 48
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GONRs/Thionine (HT) DOI: 10.1039/D6NA00029K
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GONRs/Thionine (RT)

Scheme 1: [llustration for preparing GONRs/Th (RT and HT).

For hydrothermal processing, a GONRs/Th solution prepared earlier was placed in a sealed
autoclave (Teflon-lined stainless-steel) heated to 180 °C for 5 hours, then cooled to room
temperature naturally. The resulting GONRs/Th composites were purified by transferring the
final solution into a dialysis membrane, which was then immersed in deionized water and
rinsed thoroughly to eliminate residual impurities. Rinsing continues until the external solution
remains clear and colorless, signifying the thorough removal of unreacted thionine, as
illustrated in Scheme 1. A subset of the final product was filtered and dried in a vacuum oven
at 60 °C for 24 hours for physical characterization. The remaining amount was used

immediately for electrode fabrication and electrochemical analysis to prevent aggregation of

GONRs/Th.

2.4. Physical, Chemical, and Electrochemical Characterization

Absorption spectra in the UV-visible range were obtained using a Model Cary UV-vis
Agilent G51911AA spectrophotometer to explore the interaction between Th and GONRs.
Crystallographic characteristics were examined using a powder X-ray diffractometer (XRD;
Bruker D8 Advance) with a scan range of 10° - 90° in 0.02 ° steps. Functional groups were
identified by Fourier transform infrared spectroscopy (FT-IR; JASCO model 6300 type A)

7


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00029k

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

over the spectral range 400-4000 cm—1, using KBr as the reference. Surface compositi

analysis was performed with X-ray photoelectron spectroscopy (XPS; Thermo Scientific
ESCALAB 250Xi, USA) using Al Ka radiation (15 kV, 600 W). Morphology was observed
through field-emission scanning electron microscopy (FE-SEM, Hitachi, Tokyo) and
transmission electron microscopy (JOEL JEM-2100Plus). Elemental composition was
determined with an energy-dispersive X-ray spectrometer (EDX) attached to the SEM.
Thermal behavior was studied using thermogravimetric analysis (TGA) with a TA Q50
instrument. All electrochemical tests are conducted using a Potentiostat/Galvanostat (Bio-
Logic SP-300, France), operated with EC-Lab v11.61 software. In experiments employing a
three-electrode configuration, a gold coil serves as the counter electrode. At the same time, a
Hg/HgS04/1.0 M H,SO4 (MSE, E0 = 0.616 V vs SHE) functions as the reference electrode,
with potential values adjusted to the reversible hydrogen electrode (RHE). 1 M H,SO4 was
selected as it exhibits high ionic conductivity, low internal resistance, high stability, and rapid
proton transport, which support efficient charge transfer and provide a reliable means of
assessing the material's intrinsic electrochemical performance for supercapacitors and HER.
Additionally, acidic electrolytes enhance pseudocapacitive behavior associated with surface
redox-active sites and the HER catalytic activity of carbon-based materials, making them

particularly useful for fundamental performance testing [30,37].

2.5. Fabrication of electrodes/devices

The GONRSs/Th electrodes were fabricated using a graphite sheet as the current collector
and an aqueous 1.0 M H,SO, electrolyte. An active material suspension with a Nafion binder
(ratio 9:1 by weight) was prepared in water by ultrasonication for 10 minutes to achieve
uniform dispersion. This suspension was then sprayed onto the graphite sheet using an

airbrush, covering an area of 1 cm2 and yielding a mass loading of approximately 1 mg/cm2,

Page 8 of 48
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with only 90% of the mass attributable to the active material. For constructing the symmetii¢! s 5oosox

GONRs/Th//GONRs/Th device, cellulosic filter paper served as the separator, and all
components were pressed between two acrylic sheets in an electrolyte containing 1.0 M H,SOy,

as shown in Figure S1.
2.6. Electrochemical studies for supercapacitor and hydrogen production work

Electrochemical properties of the developed supercapacitor electrodes were examined
using galvanostatic charge-discharge (GCD), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). CV measurements were performed at scan rates of 2-100 mV/s,
while GCD tests were conducted at current densities of 1-10 A/g to calculate the specific

capacitance (Cs). The Cs value (F/g) was obtained from the GCD data using Equation 1.
Cs = IAt/(mAV) 1

I (A) indicates the current applied, AV (V) represents the potential window, At (s) indicates the

discharge duration, and the mass of the active substance is represented by m (g).

The calculations for energy density E (Wh/kg) and power density P (W/kg) are performed

using Equations 2 and 3, respectively:
1
E = --C(AV)? @
P = E/At(h) 3)

Equations 4 and 5 were employed to determine the respective contributions of surface

and diffusion currents in profiling the I(V) as follows:
IV = K1V + szo'5 (4)

lv/Vo'5 = K1V0'5 + Kz (5)
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The potential-dependent current, denoted I(V), was obtained from cyclic yoltammetts ;oosox

measurements performed at various scan rates. The scan rate, denoted v, was expressed in
mV/s. Constants K; and K, were determined by plotting the normalized current against the
scan rate, specifically by graphing Iy/v®5 versus v3, and extracting the slope and intercept.

These constants, K;v and K,v0>

correspond to the current components controlled by surface
redox processes and diffusion, respectively. Electrochemical impedance spectroscopy was

conducted at the open-circuit potential, using a 5 mV excitation amplitude over the frequency

range of 0.1 Hz-100 kHz. The resulting data were processed using EC-Lab software.

To evaluate the electrocatalytic activity of the fabricated electrodes for the Hydrogen
Evolution Reaction (HER), the electrodes were first conditioned through electrochemical
cycling, consisting of 50 voltammetry sweeps at a scan rate of 100 mV/s within a potential
window of -0.9 to -0.5 V versus MSE (corresponding to -0.284 to 0.116 V versus RHE). This
was followed by linear-sweep voltammetry at 10 mV/s, starting at 0.5 V vs MSE (0.116 V vs
RHE) until the current density reached 100 mA/cm?. Electrochemical impedance spectroscopy
was performed at -0.78 V vs MSE (-0.164 V vs RHE) with a 5 mV AC perturbation, spanning
0.1 Hz to 100 kHz. All measurements were performed under ambient conditions, with

adjustments made to account for IR drops.

3. Results and Discussions
3.1. Chemical and Physical Characterizations

EDS analysis was conducted to confirm the synthesis of GONRs/Th composites at RT and
HT and to identify compositional differences. For pristine GONRs, only carbon (C) and oxygen
(O) were detected (Table 1), consistent with their expected composition. In contrast, both
GONRs/Th (RT) and GONRs/Th (HT) exhibited additional sulfur (S) and nitrogen (N),
confirming the incorporation of thionine. Notably, the HT composite contained higher C and

S and lower O compared to the RT sample, suggesting greater thionine insertion. These results
10
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validate the formation of composites and underscore the effect of synthesis conditipns, 017 the s s0s0x

chemical composition.

Table 1: EDS results of GONRs, GONRs/Th (RT), and GONRs/Th (HT) samples.

Material C Atomic % O Atomic % N Atomic % S Atomic %
GONRs 86.4 13,6 e e
GONRs/Th (RT) 43.5 35.8 19.8 0.9
GONRSs/Th (HT) 53.1 30.5 13.5 2.9

SEM and TEM were used to characterize the shape and structure of GONRs/Th (RT) and
GONRs/Th (HT) and to identify differences arising from the two synthesis methods. As
illustrated in Figure 1a, original GONRs display a layered, sheet-like appearance with visible
wrinkles and stacking features. Such stacking is common in graphene-based materials and can
restrict the available surface area for electrolyte contact, thus influencing electrochemical
performance. In the case of GONRs/Th (RT) and GONRs/Th (HT) composites, the SEM

images illustrated in (Figure 1b) and (Figure 1c¢) reveal the maintenance of the sheet-like

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

structure of GONRs, with slight sheet separation between nanoribbons, resulting from thionine

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

intercalation. The SEM image of GONRs/Th (HT) (Figure 1¢) shows a more compact

(cc)

structure, likely due to temperature-dependent intercalation mechanisms. At RT, thionine
molecules may bind to GONRs differently than at HT, which is expected to influence both the

supercapacitive and electrocatalytic behavior of the composites.

11
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Figure 1: The SEM and TEM for (a, d) GONRs, (b, ¢) GONRs/Th (RT), and (¢, f) GONRs/Th
(HT).

To verify that MWCNTs were properly unwrapped into nanoribbons, Figure 1d displays
the lamellar layers of GONRs. TEM imaging of the composites further confirmed the insertion
of thionine. For GONRs/Th (RT) (Figure 1le), few-layered GONRs with evident interlayer
spacing and wrinkling indicate successful thionine intercalation, which prevented restacking.
In contrast, GONRs/Th (HT) (Figure 1f) display a compact structure with little to no spacing,
suggesting that hydrothermal conditions promote a different interaction between GONRs and
thionine. The absence of a clear interlayer separation indicates stronger interaction between the
GONRs and thionine than in the RT sample. These findings highlight the role of synthesis
conditions in determining the material's architecture and, consequently, its electrochemical

behavior.

To investigate the structural and electronic properties of the prepared materials and
confirm the integration of thionine into GONRs, multiple spectroscopic techniques were
employed. X-ray Diffraction (XRD) analysis was performed to analyze the crystal structure, as

shown in Figure 2a. The unmodified GONRs exhibit three distinct diffraction peaks at a 20

12
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angle of 24.7°, associated with the (002) plane, with a full width at half maximum (FWHNMY)0f5 050k
6.1. This pattern is characteristic of graphitic materials, indicating the spacing between
graphene sheets is influenced by oxygen-containing groups. Additional peaks at 43° (linked to
the (100) plane) and 78.5° (related to the (006) plane) indicate the effective unzipping of multi-
walled carbon nanotubes (MWCNTs) and the formation of GONRs, consistent with previous

observations in similar structures [30,38—40].
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Figure 2: (a) XRD, (b) UV-vis absorption, and (¢) FT-IR of GONRs, Th, GONRs/Th (RT),
and GONRs/Th (HT).

Upon thionine incorporation, the XRD patterns of GONRs/Th composites exhibit a
notable shift in the (002) peak position to 26.1° and 25.9° and a significant decrease in the
FWHM (sharper peaks) to 3.4 and 3.2 for GONRs/Th (RT) and GONRs/Th (HT), respectively.
In addition, the relative intensity of the peaks at 43° (100) and 78.5° (006) significantly
reduced. These structural changes suggest that thionine intercalation promotes improved
graphene sheet alignment and partially restores graphitic order. Such changes are attributed to
n—n interactions between thionine molecules and GONRs, as well as the bond formation
between thionine and the oxygen-based functional groups of the GONRs, which forces the

ordering of the GONRs [41,42].
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UV-Vis absorption spectroscopy was employed to investigate the electronic interactions,
and verify the grafting of thionine onto GONRs (Figure 2b). Pristine GONRs exhibit a
characteristic absorption band at 260 nm, assigned to the 1 — ©* transition of aromatic C=C
bonds [41], with negligible absorbance between 550—650 nm. In contrast, thionine shows two
bands at 278 nm, corresponding to the 1 — w* transition of the aryl rings, and 592 nm,
corresponding to the n — w* transition of C=N bonds, along with a shoulder at 550 nm from

T-type dimer aggregates [43].

For the GONRs/Th composites (RT and HT), all thionine peaks were observed, with a
slight shift of the GONRs band to shorter wavelengths, confirming successful grafting and
strong interactions between GONRs and thionine. The composites also showed enhanced
absorbance at 655 nm compared to pristine thionine, more pronounced in the GONRs/Th (HT)
composite, attributed to strong m—m interactions, improved electronic coupling, and, hence,
charge transfer between the thionine conjugated system and the GONRs sheets [44].
Furthermore, a notable increase in the intensity of the dimer band at 550 nm relative to the
monomer peak at 592-597 nm, particularly in the HT composite, suggests stronger m—mn
interactions under hydrothermal conditions, and that thionine shifts towards the dimeric form
when adsorbed onto GONRs [45]. Additionally, a slight redshift (~5 nm, from 592 to 597) in
the RT composite reflects enhanced delocalization of m-electrons across the conjugated
GONRs/Th framework. Collectively, these results confirm that covalent amid bonding,
electrostatic forces, m—m stacking, and electronic coupling synergistically stabilize the

composites and govern their electronic communication.

The FT-IR spectra of the samples are shown in Figure 2¢. A broad absorption band at
3440 cm! is observed in all samples, corresponding to O-H stretching vibrations from

hydroxyl groups in GONRs and adsorbed moisture. For the unmodified GONRs, peaks at 2930

14

Page 14 of 48

icle Online

00029K


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00029k

Page 15 of 48 Nanoscale Advances

and 2860 cm! are linked to v(C—H) stretching in CH2 and CH; groups. Additionally, sighalSs;oosox
at 2360 and 2340 cm'! are indicative of v(O—C=0), suggesting the presence of carbon dioxide
or carboxylate functionalities[46]. A prominent feature at 1639 cm™! is associated with 5(O-H)
bending in C-OH groups and/or stretching vibrations of C—O or C—O—C bonds, indicating the

presence of oxygen-related functional groups characteristic of oxidized graphene [36,44].

The spectrum of free thionine shows characteristic bands, including C—S bending at 902
cm! [47], C-N stretching of the aromatic amines at 1320 cm! [48], N-H bending at 1604 cm-
I, and broad N-H stretching between 2930-3200 cm'!, along with skeletal vibrations of the
thionine aromatic rings at 1480 and 1388 cm! [49]. In the case of GONRs/Th composites,
additional thionine fingerprint bands were observed compared to the pristine GONRs,
confirming successful incorporation of thionine within the GONRs structure. A slight shift in
the bands is also observed, likely due to the m-network interactions between thionine and
GONRs. Furthermore, the appearance of a C—N amide band at 1260 cm! suggests partial

covalent conjugation [50]. At the same time, the peak at 1712 cm™!, characteristic of C=0,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

shows a higher intensity in GONRs/Th (HT) than in GONRs/Th (RT). This finding, along with

the identifiable peaks of thionine, indicates that thionine mainly interacts with GONRs through

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

noncovalent n—r stacking. Nonetheless, there may also be some covalent bonding involved,

(cc)

especially in the HT sample, due to the more intense reaction conditions [51].

TGA analysis was conducted to evaluate the thermal stability of unmodified GONRs and
GONRs/Th composites fabricated at room temperature and at high temperature (Figure S2).
Pristine GONRs show two significant weight-loss steps at 30-100 °C, due to removal of
adsorbed water, and 100-250 °C, from decomposition of oxygen-containing groups (carboxyl,
hydroxyl, epoxy) [52], characteristic of graphene oxide. In contrast, both GONRs/Th (RT) and

(HT) composites exhibit reduced mass loss in the 100-250 °C range, indicating lower oxygen-
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functional group content and improved thermal stability. The RT composite shows, a,graduials
weight loss between 250-300 °C, attributed to decomposition of thionine adsorbed on GONRs,
confirming its successful incorporation. The HT composite exhibits less weight loss in this
region, suggesting stronger interactions between thionine and the GONRs matrix, resulting in

greater thermal robustness.

These findings demonstrate that hydrothermal treatment enhances the stability of
thionine—GONRSs interactions, underscoring the role of synthesis method in dictating the

composite’s thermal behavior.

TGA analysis was conducted to assess the thermal stability and decomposition
characteristics of the GONRs and the GONRs/Th hybrid composite samples prepared at room
temperature and through a hydrothermal approach. The resulting TGA curves in Figure S2
illustrate weight changes as temperature increases, providing information on functional groups
and thermal stability. The pristine GONRs typically exhibit significant weight loss in two main
stages. The initial weight loss observed between 30 °C and 100 °C is primarily attributed to the
removal of adsorbed water molecules from the hydrophilic surface of graphene oxide (Thermal
behavior and thermolysis mechanisms of graphene oxide). A more substantial weight loss
occurs between 100 °C and 250 °C, which corresponds to the elimination of labile oxygen-
containing functional groups (e.g., carboxyl, hydroxyl, and epoxy groups) present in the
GONRs structure [52]. This decomposition process is a characteristic feature of graphene oxide
materials. In comparison to pristine GONRs, both the GONRs/Th (RT) and GONRs/Th (HT)
hybrid composite samples demonstrate a lower content of oxygen-containing groups. This is
evidenced by the reduced mass loss in the 100-250 °C range, suggesting an efficient removal
of these oxygen functional groups during both the physical adsorption (RT) and hydrothermal

processing (HT) reactions. Consequently, the GONRs/Th (RT) and (HT) composites exhibit
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no significant mass loss between 150 °C and 250 °C, indicating enhanced thermal stabilit§ ifix;oosox
this temperature range due to reduced oxygen-containing functionalities. Furthermore, as
illustrated in Figure S2, the GONRs/Th (RT) sample displays a gradual weight loss from
approximately 250 °C to 300 °C. This specific weight loss can be attributed to the slow
decomposition of thionine molecules weakly attached to the surface of the GONRs. This
observation confirms the successful incorporation of thionine and indicates its thermal stability
within the composite. Conversely, for GONRs/Th (HT), the sample exhibited less significant
mass loss in this temperature range, indicating greater thermal stability and less decomposition
of the thionine component. This suggests that hydrothermal treatment leads to a more stable
interaction of thionine with the GONRs matrix, making the materials more thermally robust.
The enhanced stability of the HT composite highlights the influence of the preparation method

on the overall integrity of the thionine-GONRSs interaction.

Raman spectroscopy, a non-destructive tool for probing carbon-based materials, provides

valuable insight into the structural properties of GONRs and their thionine composites (Figure

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

S3) [53]. The key spectral features are the G band (~1580 cm™), arising from sp? carbon

vibrations, and the D band (~1350 cm!), associated with defects, disorder, and edge effects.

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

The intensity ratio (Ip/Ig) is a measure of defect density, with higher values indicating greater

(cc)

disorder [54]. Pristine GONRs exhibit an Ip/Ig ratio of 0.85, reflecting significant defects
generated during CNT unzipping and oxidation [55]. For the GONRs/Th (RT) composite, this
ratio increases to 0.93, suggesting that thionine adsorption introduces additional disorder, likely
by disrupting the sp? network or forming new bonds [56]. Thionine itself shows distinct Raman
features, including a strong band near 1600 cm™' (C=N stretching), along with aromatic ring
and N-H vibrations [57], which contribute to the broad bands observed in the RT composite.
In contrast, the GONRs/Th (HT) composite exhibits an Ip/Ig ratio of 0.84, nearly identical to

that of pristine GONRs and markedly lower than that of the RT sample. This indicates that
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hydrothermal treatment partially restores graphitic ordering, likely by removing  oxygehioosox
functional groups and aligning thionine more closely on the GONR's surface [58]. These
findings highlight the substantial influence of synthesis temperature on structural ordering and

defect density.

X-ray photoelectron spectroscopy (XPS) was employed to determine the chemical
composition of the samples. The overall spectra in Figure 3a revealed peaks corresponding to
carbon 1s and oxygen 1s in all samples, with the GONRs/Th (RT) and GONRs/Th (HT)
composites showing increased carbon levels and reduced oxygen compared to unmodified
GONRs. As summarized in Table 2, this trend corroborates the XRD and EDS results,
confirming the reduction of oxygen functionalities after treatment. In addition, nitrogen and
sulfur signals were detected in both composites, with their contents roughly half that of
thionine, evidencing effective functionalization. The deconvoluted spectra of C 1s, N 1s, and

S 2p are presented in Figure 3b—d.
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Figure 3: XPS of GONRs, Th, GONRs/Th (RT), and GONRs/Th (HT): (a) fast survey scan
mode, (b) C 1s, (c) N 1s, and (d) S 2p.
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The deconvoluted C s spectrum of pristine GONRs (Figure 3b) displayed & CsG/CsA 5aomox

peak at 284.46 eV, along with signals at 286.5 eV and 288.53 eV corresponding to C—-O—C/C-O
and O—C=0 groups, respectively. These features align with common findings in studies of
graphene oxide, where oxygen-containing groups are typically found on basal planes and edges
[59]. Thionine exhibited four peaks, corresponding to C=C/C—C (284.46 eV), C—N/C-S (285.5
eV), C=N/C=S* (287.22 ¢V), and C-NH; (289.37 eV). Following RT and HT treatments,
oxygen-related peaks decreased markedly, indicating a reduction of GONRs and bond
formation with thionine. The persistence of the C=C peak and appearance of a shakeup satellite

near 290 eV confirmed retention of the conjugated graphene structure, consistent with the EDS

results [60].

Table 2: XPS weight percentage peak area of the elemental analyses for GONRs, thionine,
GONRs/Th (RT), and GONRs/Th (HT) samples.

Materials Cls At. % O 1s At. % N 1s At. % S 2p At. %
GONRs 69.78 2927 e e
Thionine 76.30 12.36 4.23 4.72
GONRSs/Th (RT) 71.85 13.88 2.95 2.07
GONRs/Th (HT) 80.95 12.57 2,83 2.94

The N 1s spectrum of thionine (Figure 3¢) displayed peaks at 399 eV (C—NH;) and 401
eV (C=N-) [61]. These features remained in the composites, confirming structural preservation
of thionine. In GONRs/Th (HT), however, an additional peak at 401-403 eV was observed,
attributed to C-NH—-C=0 bonds [62,63], suggesting covalent interactions between thionine

amines and GONRs under hydrothermal conditions.

The S 2p spectrum in Figure 3d revealed the characteristic spin-orbit doublet (S 2ps/, and
S 2p12, A= 1.16 €V). In pure thionine, a single peak was observed, deconvoluted to S 2ps,, and

S 2py» peaks at ~164 and 165.2 eV, and corresponded to heterocyclic C=S—C bonds of the
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phenothiazine core [64,65]. In the composites, these peaks shifted slightly,. refleCtifig, ;o mox
interactions with GONRs, and additional peaks emerged at 166—167 eV, characteristic of
oxidized sulfur species (S=0, SO;%) [66]. These features indicate that oxygen groups on
GONRs react with the sulfur-containing moieties of thionine during synthesis. Collectively,
the XPS results confirm successful functionalization of GONRs with thionine, involving both

noncovalent 1—r stacking and covalent interactions.

3. Electrochemical Evaluation

To evaluate the surface area of the synthesized materials under conditions like the intended
application, electrochemical surface area (ECSA) analysis was performed, and the results are
shown in Figure S4. ECSA values of 191.5, 198.3, and 193 m?/g are obtained for GONRs,
GONRs/Th (RT), and GONRs/Th (HT), respectively, indicating a similar surface area arising
mainly from the GONRs, with an insignificant increase in the presence of thionine. Using
nitrogen adsorption—desorption measurements (BET) often underestimates or misrepresents

the electrochemically accessible surface area of 2D carbon-based materials because of the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

highly stacked, compact structure of GONRs in powder form; therefore, this method was not

employed in this study. By contrast, during the ECSA measurements, the film was fabricated

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

(cc)

by spraying the as-synthesized suspension and was allowed to swell slightly in aqueous media.

3.1.1. Supercapacitors Study

Electrochemical analysis was performed to investigate the capacitance characteristics of
GONRs and GONRs/Th (RT) and GONRs/Th (HT) composites. To understand the dynamics
and process of charge accumulation in the electrode reactions, as well as to identify the ideal
potential range that avoids unwanted electrochemical side reactions. The CV curves of
GONRs, GONRs/Th (RT), and GONRs/Th (HT) at scan rates of 2 to 100 mV/s in 1 M H,SOy4

are reported in Figures S5a, S5b, and S5c¢, respectively. For comparison, Figure 4a shows the
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curves of CV at a fixed scan rate (20 mV/s). The CV curves of GONRs exhibited glear kedoX 5 om0x

peaks associated with oxygen-containing functional groups present in the material. Upon
incorporation of thionine, as confirmed by XPS and FT-IR analyses, the GONRs/Th
composites exhibited enhanced redox activity, showing markedly higher current densities in
both anodic and cathodic directions compared to pristine GONRs and enhanced capacitive
performance, as reflected by the increase in double-layer current at 0.4 V vs. MSE. The
improved pseudocapacitive behavior of GONRs/Th under acidic conditions, attributed to the
amino groups present in thionine molecules, highlights the suitability of thionine for enhancing
redox supercapacitance contribution [67,68]. However, the preparation method influences both
capacitance and potential window. As shown in Figure 4a, the composite synthesized via the
RT method delivers higher capacitance and a broader potential window than the HT-prepared
counterpart, offering a distinct advantage for supercapacitor applications. Furthermore,
because all GONR-based materials exhibited similar ECSA (Figure S4), enhanced capacitance
should be attributed to intrinsic redox-active sites and their pseudocapacitance contribution

rather than to high surface area or porosity.
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Figure 4: (a) Cyclic voltammetry profiles recorded at a scan rate of 20 mV/s, (b) the percentage
contributions of diffusion-controlled (dashed line) and non-diffusion-controlled currents (solid
line) at 0.2 V versus MSE across various scan rates, (c) the relationship between the log I and
the log scan rate at 0.2 V versus Hg/HgSO,, (d) galvanic charge-discharge curves at a current
density of 1 A/g, (e) specific capacitance values at current densities ranging from 1 to 10 A/g,
and (f) EIS plots at open circuit potential, with the equivalent circuit model shown in the inset.

These findings highlight a dual role of thionine incorporation within the GONRs

framework. First, it slightly enhances the double-layer capacitance contribution by expanding

the interlayer spacing of GONRs, thereby exposing the electrolyte to a larger active surface
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area, but primarily causes a significant increase in pseudocapacitance due to the fixatiofigfs
thionine at the GONRs surface. Second, the GONRs framework inhibits thionine
agglomeration, enhances electrical conductivity, enables faster and more extensive redox
reactions, and strengthens GONRs—thionine interactions, as confirmed by FTIR and XPS
analyses. Consequently, this synergistic effect results in higher capacitance, greater charge-

storage capacity, and improved conductivity.

To analyze the kinetics of interactions between electrodes and electrolytes under various
charging and discharging speeds, a current profile diagram was developed utilizing Equations
4 and 5, as shown in Figure 4b. This analysis distinguishes between the surface contributions
of controlled (non-diffusion-limited) and bulk-controlled (diffusion-limited) EDLC currents at
different scan rates at a specific potential (0.2 V versus MSE). At lower scan rates, the bulk
contribution ranged from 62% to 70% of the total current across all examined materials, but
this proportion decreased markedly to 18-25% at 100 mV/s. Such findings suggest that at
slower scan rates, ions have ample time to reach interlayer regions. In contrast, at higher scan
rates, ion intrusion into these areas is hindered, limiting whole charge storage. Notably, the
surface-EDLC contribution of GONRs/Th (RT) was the highest at all scan rates, underscoring
the effectiveness of the RT method for integrating thionine with GONRs. This approach
provides adequate interlayer spacing, enabling deeper electrolyte penetration into the GONR
framework, as confirmed by TEM and SEM, thereby enhancing the composite's overall

capacitance.

The overall capacitance contribution from bulk and surface EDLCs can be more accurately
assessed by applying the power law detailed in Equation 6 to the CV curves of the prepared

electrodes. [69],

logI(V) = a + blog(v) (6)
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The statement indicates that I represent the current at a specific potential and scan rate, (V) Withiscoosox
parameters a and b serving as adjustable factors. In this context, b corresponds to the slope,
while a denotes the intercept of the line. The value of b provides essential insights into the
charge-storage mechanism: a b value close to 0.5 suggests a process dominated by diffusion,
whereas a value near 1 implies a surface-controlled process, associated with higher power
capability. [70]. The power-law relationship between log current and log scan rate is illustrated
in Figure 4c, using anodic current values at 0.2 V vs. MSE for different scan rates. The
similarly calculated b values (0.79-0.81) for GONRs, GONRs/Th (HT), and GONRs/Th (RT)
suggest comparable capacitive charge-transfer behavior across the samples. Nevertheless, the
total capacitance of the GONRs/Th composites greatly exceeds that of GONRs alone, as
indicated by the consistent positive shift in log I across all scan rates, with GONRs/Th (RT)
exhibiting the highest capacitance. This demonstrates enhanced ion transport at the electrode-
electrolyte interface and throughout the electrode material, thereby increasing charge storage

capacity.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The electrochemical characteristics of the prepared materials were assessed using

galvanostatic charge/discharge (GCD) measurements to evaluate their specific capacitance (Cy)

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

at various charge and discharge rates. The GCD profiles at different current densities (1-10

(cc)

A/g) are presented in Figures S5d, S5e, and S5f for GONRs, GONRs/Th (RT), and GONRs/Th
(HT), respectively. For comparison, the GCD curves at 1 A/g for these materials are shown in
Figure 4d. All samples display a quasi-triangular charge/discharge pattern, indicative of good
electrical conductivity, low IR drop, and efficient charge transfer. The apparent difference in
the potential limits during GCD measurements results from variations in the operating potential
window among the materials studied, since the potential range was individually adjusted for
each electrode to maintain high coulombic efficiency and ensure stable electrochemical

operation. GONRs/Th (RT) demonstrated superior capacitance at a 1 A/g charging/discharging
25
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current of 732 F/g, compared to GONRs (501 F/g), indicating the significant,impact ofi oosox

incorporating and drafting thionine within the GONRs layer. The GONRs/Th (HT) exhibited a
slightly lower capacitance of 635 F/g, attributed to the preparation method, which affects the
extent and structure of thionine insertion/grafting and, consequently, the rate of charge

transport, resulting in decreased pseudocapacitance.

Figure 4e compares the specific capacitance (Cs) of the studied materials at different
charge/discharge current densities (1-10 A/g). As the current density increases, the C values
decrease because ions are less able to penetrate deeply into the electrode bulk. Nevertheless, at
the highest current density, all substances maintained elevated Cs, indicating their outstanding
performance. The comparative results across different current densities clearly demonstrate a
substantial enhancement in the capacitive behavior of GONRs when they are composed with
thionine via the RT method. Additionally, the rapid mobility and compact size of H+ ions in
H2S0O4 enhance ion transfer, thereby increasing capacitance across all examined materials.
[71]. Table 3 presents the capacitive performance of similar materials prepared by different

synthesis methods and compares them with those prepared in this study.
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Table 3: The specific capacitance comparison exhibited by thionine/carbon composites; osox
materials and various related categories.

a. Thionine Functionalized 3D Graphene Aerogel
b. Benzenediols@hedrogel rGO

c. Graphene oxide/polybenzoxazine/porous carbon.

Electrodes Electrolytes Specifications C;(F/g) References
%’ rGO/PANI 1 M H,SO,4 0.5A/g 261 [72]
g Th-GA? 1 M H,SO,4 1 Alg 512 [67]
é rGO-HGB® 1 M H,SO,4 1 Alg 221 [73]
=
: GO/NC¢ 6 M KOH 1 Alg 405 [74]
S
2 Graphdiyne nanostructures IM Na,SOy4 3.5A/g 71 [75]
-:,; Pea protein-derived carbons IM KOH 1 Alg 413 [76]
<
5 N-doped ordered mesoporous M KOH 1 Alg 2 46 [77]
£ carbon/graphene
O
% N-doped graphene Sheets 1 MH,SO,4 1 Alg 242 [78]
o
. Th-GONRs 1 M H,S0, 1 Alg 730~ Current
E work
g
8
2

EIS was employed to investigate the electrochemical characteristic of the synthesized

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

materials, with results illustrated in Figure 4f. The inset of this figure displays the equivalent

(cc)

circuit model used to interpret the data. The circuit features include Rs (the electrolyte and
contact series resistance), Rct (the resistance to charge transfer), Q, and Qs (representing
pseudocapacitance and electric double-layer capacitance as constant-phase elements), and W

(the Warburg impedance).[79-81], with the different fitting values reported in Table 4.
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Table 4: The values of the EIS data fitting for GONRs, GONRs/Th (HT), and GONRs/ThLR T o0s0x

R, (PC)  Qy (PC) Qs (EDLC) W

. %k %
Electrode material (Ohm)  (F.s0-D) (*ap) (F.s(-1) (*a3) (Ohm.s12)

GONRs 6.7+0.8 0.32+0.09 0.92 0.21+0.05 0.83 2.8+£0.2

GONRs/Th (RT) 5.6£0.7 0.56+0.05 0.98 0.35£0.001 0.92 1.7£0.1

GONRs/Th (HT) 6.2+04 045+0.01 0.97 0.29+0.004 0.87 2.08+0.06

*The ideality factor (a) indicates the degree to which Q behaves ideally.

Figure 4f displays a faint semicircular feature at high frequencies, as obtained from fitting
the data, indicating a low charge-transfer resistance (R.;) at the electrodes. The R values show
minimal differences across samples (Table 4), supporting the presence of rapid redox processes

facilitated by nitrogen- and oxygen-containing functional groups.

Two distinct linear regions with different slopes are observed in the Nyquist plots,
reflecting diffusion-limited behavior governed by the electrode's structure and composition. At
high to medium frequencies, the response is dominated by ion transport to easily accessible
surface sites due to the limited time available for diffusion. In contrast, at low frequencies, ions
penetrate deeper into the bulk, reaching interlayer regions within the GONR framework as
sufficient diffusion time becomes available. The GONRs/Th (RT) electrode shows the most
pronounced slopes in both regimes, suggesting minimal ion-diffusion resistance and enhanced
capacitive performance (Figure 4f). The Warburg diffusion resistance (W) follows the order
GONRs/Th (RT) < GONRs/Th (HT) < GONRs (Table 4), further validating the enhanced ion-

transport efficiency of the RT-prepared composite.

Moreover, the combined Q, + Q; (PC + EDLC) values follow the same trend: GONRs/Th

(RT) > GONRs/Th (HT) > GONRs. The pronounced increase in Q, + Q3 for GONRs/Th (RT)

28


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00029k

Page 29 of 48 Nanoscale Advances

icle Online

highlights superior electrolyte accessibility and more efficient ion diffusion, ywithins the:;sosox
electrode matrix, key attributes for improved energy storage performance. Additionally, the
higher Q,:Q; ratio for GONRs/Th (RT) compared to the other samples indicates a greater
pseudocapacitive contribution, underscoring the synergistic effect of GONRs and thionine in

enhancing charge-storage capability.

To assess the electrochemical performance of the GONRs/Th composites as
supercapacitor electrodes, GONRs/Th(RT)//GONRs/Th(RT) and GONRs/Th
(HT)//GONRs/Th (HT) symmetrical two-electrode configurations were constructed. Cyclic
voltammetry measurements at scan rates from 2 to 100 mV/s are shown in Figures Sé6a and
S6b. Both arrangements maintained stable operation over a potential span of up to 1.7 V,
showing no faradaic signals from hydrogen or oxygen evolution, indicating their potential for
high-voltage aqueous supercapacitors. Figure 5a compares CV curves at 20 mV/s for both
setups, highlighting the enhanced electrochemical response of the GONRs/Th

(RT)//GONRs/Th (RT) configuration. The broader CV area and more rectangular shape

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

indicate enhanced capacitive behavior and improved charge-transport kinetics. These

observations highlight the excellent voltage tolerance and efficient redox activity of the

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

GONRs/Th composites, particularly for the RT-prepared electrodes.

(cc)
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Figure 5. (a) Cyclic voltammetry profiles recorded at a 20 mV/s scan rate, (b) galvanostatic
charge-discharge responses at a current density of 1 A/g, (c) Nyquist plots derived at OCP,
including the fitted equivalent circuit (inset), (d) Ragone plots at various current densities, and
(e and f) data on cycling performance and capacitance retention at 10 A/g over 10,000 charge—
discharge cycles in 1 M H,SO,. Inset images show CV curves at 100 mV/s after 3 and 10,000
cycles for symmetric devices with GONRs/Th (RT) and GONRs/Th (HT) configurations.

Figure 5b presents the galvanostatic charge-discharge profiles of the symmetric devices

at a current density of 1 A/g, while Figures S6¢c and S6d show the corresponding curves at
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various current densities (1-10 A/g). As anticipated, the durations of charge and, disehdtgg s osox
shorten as current density increases, primarily due to constraints on ion transport and a decline
in charge-storage efficiency, resulting in a steady reduction in specific capacity. Consistent
with the CV and three-electrode measurements, the GONRs/Th (RT)//GONRs/Th (RT) device
exhibits superior capacitive performance and faster charge transfer than the HT-prepared

system, confirming enhanced electrochemical reversibility and improved ion accessibility.

Figure Sc illustrates the Nyquist diagrams obtained from electrochemical impedance
spectroscopy of the symmetric two-electrode cells tested at open-circuit potential. The inset
depicts the equivalent circuit employed for data fitting. [82]. Both devices exhibit a small
semicircular feature in the high-frequency range, indicative of charge-transfer resistance (R),
indicating limited impedance at the electrode/electrolyte interface. At lower frequencies, a
Warburg process appears, reflecting ion diffusion within the porous electrode matrix. This
diffusion-related response demonstrates that ion movement into the electrode bulk partly

influences charge storage. Notably, the GONRs/Th (RT)//GONRs/Th (RT) device exhibits a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

steeper Warburg slope than the GONRs/Th (HT)//GONRs/Th (HT) device, suggesting lower

ion-diffusion resistance and enhanced capacitive behavior.

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

(cc)

Figure 5d (Ragone plot) displays the interplay between energy density (E) and power
density (P) for symmetric devices, based on GCD measurements at various current densities (1-
10 A/g). At 1 A/g, the GONRs/Th (RT)//GONRs/Th (RT) and GONRs/Th (HT)//GONRs/Th
(HT) supercapacitors achieve energy densities of 57 and 50 Wh/kg, with corresponding power
densities of 873 and 857 W/kg. Increasing the current density to 10 A/g results in reduced energy
densities of 22.8 and 24 Wh/kg, but significantly higher power densities of 8305 and 8680 W/kg.
The superior energy and power performance of the GONRs/Th (RT)//GONRs/Th (RT) device

can be ascribed to enhanced ion diffusion and redox processes, attributable to more effective
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integration of Thionine within the GONR matrix. To facilitate a clear comparison, wyith, st
studies, Table 5 presents the energy and power densities of this work, along with data from
representative and recent supercapacitor systems. This table highlights the device's competitive

performance relative to previously reported materials under similar testing conditions.

Table 5: Comparison of energy and power density exhibited by thionine/carbon composite
materials to recent literature of similar materials.

Energy densit Power
Electrodes Electrolytes gy y density ( W/ References
( Wh/ kg)
kg)

Th-GA 1 M H,SO,4 13.74 8.7 [83]
NRGO-H 2 M KOH 42.8 500 [84]
3D sponge nitrogen-

6 M KOH 68.1 558.5 [85]
doped graphene
AgNP/rGO-cotton PVA-H,SO, 34.6 125 [86]
NiO/GF 1 M KOH 32 700 [87]
rGO-cotton PVA-H;PO, 27.05 - [88]
GONRs/Th (RT) 1 M H,SO,4 57 873 Current work
GONRs/Th (HT) 1 M H,SO4 50 857 Current work

The cycling stability of the symmetric devices was assessed through galvanostatic
charge/discharge testing over 10,000 cycles. As shown in Figures Se and 5f, both devices
demonstrated outstanding stability. The GONRs/Th (RT)//GONRs/Th (RT) device exhibited a
gradual increase in capacitance to 111% after 2,500 cycles, followed by stabilization at 102%
after 10,000 cycles. The initial rise is attributed to electrode activation and ion-induced swelling,
which enhances interlayer spacing and ion accessibility [39,89]. This device maintained 100%
capacitance retention through 5,000 cycles, with 92% retention after 10,000 cycles. Both
configurations showed a Coulombic efficiency of approximately 98%, indicating excellent

reversibility and durability over time. The enhanced rate performance and cycling stability are
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due to strong 7 interactions between thionine and GONRs, along with an intgrconnelted; o osox
microporous structure that enables rapid ion transport, effective electrolyte infiltration, and easy
access to electroactive sites. The exceptional structural stability is due to the robust integration
of thionine within the GONR framework, as previously confirmed by TGA data, which
suppresses degradation mechanisms such as pore collapse or thionine detachment. Although
Thionine-based electrodes in acidic media often suffer from molecular degradation and
leaching, compositing thionine with GONRSs significantly improves structural integrity [90].
The conductive GONR ribbons provide abundant anchoring sites and strong m—m and amid-
bonding interactions with thionine, effectively preventing dissolution and ensuring long-term
stability. The inset images in Figures Se and 5f display cyclic voltammetry results for the
devices tested at a scan rate of 100 mV/s after undergoing 3 and 10,000 galvanostatic charge-
discharge cycles, thereby underscoring their stability. The electrodes exhibit a notably high
specific capacitance, excellent retention of performance, and remarkable reversibility,
demonstrating the potential of GONRs/Th composites as robust and reliable electrode materials

for high-efficiency aqueous supercapacitors.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.1.2. Electrocatalytic Processes for Hydrogen Generation

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

(cc)

The production of hydrogen via electrochemical water splitting relies heavily on the
hydrogen evolution reaction. Enhancing the performance and activity of electrocatalysts is
crucial to improving HER efficiency and advancing sustainable energy solutions [91,92].
Consequently, the electrochemical performance of GONRs and GONRs/Th composites as
catalysts for the hydrogen evolution reaction was assessed by linear sweep voltammetry and

electrochemical impedance spectroscopy in 1 M H,SO,, with a scan rate of 5 mV/s.

The LSV curves shown in Figure 6a highlight varying catalytic performance across the
tested electrodes. Overall, the GONRs/Th composites demonstrate improved hydrogen
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evolution reaction (HER) activity compared to pristine GONRs, with the GONRs/Th CH T o050k

electrode exhibiting the highest efficiency, reaching a remarkably low overpotential of 122 mV
at a current density of 10 mA/cm? (n10). The enhanced activity can be attributed to the intimate
interaction between GONRs and thionine, as well as the structural improvements introduced
by hydrothermal treatment. These factors increase the density of active N and S sites, enhance
charge-transfer kinetics, and improve structural stability, all of which are crucial for efficient
HER. The superior performance of the GONRs/Th (HT) composite underscores the vital role
of the synthesis methodology in tailoring electrochemical properties for energy conversion

applications [91].

To better understand the reaction kinetics, Tafel plots were extracted from the LSV
measurements (Figure 6b). The GONRs/Th (HT) electrode shows the smallest Tafel slope of
91 mV/dec, which lies between the values for the Volmer (120 mV/dec) and Heyrovsky (40
mV/dec) steps. This suggests a combined Volmer-Heyrovsky mechanism, in which both
hydrogen adsorption and electrochemical desorption contribute to the rate-limiting step.
Similar intermediate slopes are commonly observed in heteroatom-doped carbon catalysts for
HER, indicating a suitable hydrogen binding affinity and balanced adsorption and desorption
processes. [93-95]. Y. Ito et al. showed that specific N-S configurations near lattice defects
are crucial for achieving high HER activity. DFT calculations indicated that graphitic N atoms
adjacent to S sites (-C—S—C— or —-C=S-) form active centers with optimal hydrogen-adsorption
free energies [96]. This configuration, part of the thionine structure, facilitates rapid electron
transfer due to the combined electronic effects of the electron-withdrawing N and electron-
donating S dopants [96]. In contrast, GONRs/Th (RT), pristine GONRs, and the bare graphite
sheet exhibit higher slopes of 117, 155, and 180 mV/dec, respectively, corresponding to the V—
H mechanism, with the Volmer step (hydrogen adsorption) being the rate-determining step

[93-95]. The higher Tafel slope observed for the GONRs/Th (RT) electrode, compared with
34
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that of GONRs/Th (HT), can be attributed to the formation of local p—n junctions hetweett the 5o sox
n-type thionine domains and the p-type GONRs framework [97,98]. This interfacial doping
causes charge redistribution and partial electron depletion around the N and S heteroatom sites,
weakening hydrogen adsorption and thereby increasing the reaction overpotential. Following
thermal treatment, partial removal of excess thionine and restoration of the m-conjugated
network enhance electronic delocalization and improve conductivity. Consequently, the
GONRs/Th (HT) electrode exhibits optimized hydrogen adsorption—desorption energetics,
stronger electronic coupling between thionine and GONRs, and faster charge-transfer kinetics,

collectively lowering the energy barrier for the HER.
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Figure 6: Electrocatalyst HER activity was evaluated through various electrochemical
methods: (a) linear sweep voltammetry at a scan rate of 5 mV/s, (b) Tafel slope analysis, (c)
impedance spectroscopy Nyquist plots at fixed overpotential (n = -100 mV) for all electrodes,
(d) impedance spectroscopy Nyquist plots at different overpotential (n = 0 to -150 mV) for
GONRs/Th(HT) electrode, (e) relation between overpotential and logl/R., and (f)
chronopotentiometry measurements in a 1 M H,SO, solution.

To further investigate charge-transfer behavior during the hydrogen evolution reaction

(HER), polarized electrochemical impedance spectroscopy (EIS) was conducted at -0.78 V
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versus MSE (-0.100 V vs RHE). The selected potential for EIS measurements epdBleSs;oosox
comparison of the catalytic abilities of all electrodes at the same minimal overpotential that
maintains responses in the kinetically controlled region and minimizes the influence of mass-
transport limitations or excessive hydrogen bubble accumulation, which typically arises at
higher overpotentials. An overpotential of -0.100 V vs RHE is an intermediate overpotential
within the kinetically controlled HER region rather than merely the onset potential or a mass-
transport—dominated region. The results, presented in Figure 6c, show that the GONRs/Th
(HT) electrode has the smallest semicircle, indicating the lowest R;. This reduced R, indicates
more rapid electron transfer and enhanced catalytic performance compared with other
electrodes. These findings are consistent with linear sweep voltammetry (LSV) and Tafel slope
data, supporting the conclusion that the hydrothermally synthesized electrode exhibits superior

HER kinetics.

Extending EIS measurements over a broader overpotential range for the best electrode

(GONRs/Th (HT)) could yield further insights into potential-dependent kinetic transitions or

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

changes in the rate-determining step, enabling a more reliable comparison of intrinsic charge-

transfer kinetics. Figure 6d shows Nyquist plots of the EIS responses at different

Open Access Article. Published on 18 February 2026. Downloaded on 2/25/2026 4:48:28 AM.

overpotentials (n = 0 to -150 mV) for the GONRs/Th (HT) electrode. A higher overpotential

(cc)

yields a less accurate R, value because the measured value is significantly smaller, and any
error may lead to misinterpretation of the data. The R decreases systematically with increasing
overpotential, and a linear relationship between overpotential and log(1/R) with a Tafel slope
of 104.8+£9.3 mV/dec is observed in Figure 6e, reflecting the Volmer—Heyrovsky mechanism
for the HER kinetics and supporting the results obtained from the analysis of the LSV
measurements shown in Figure 6b. When the R, value for zero overpotential was considered

in the EIS-based Tafel slope calculation, the slope slightly increased to =~ 117.7+10.4 mV/dec,
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indicating a shift toward more domination by hydrogen adsorption as the rate-limiting Stef:

(Volmer mechanism) near the onset potential.

The durability of the GONRs/Th (HT) electrode was tested through chronopotentiometry
at a current density of 50 mA/cm in a 1 M H,SOy solution for a duration of 20 hours, as shown
in Figure 6f. A slight decrease in overpotential was observed, likely due to electrode activation
over time and increased accessibility resulting from slight swelling during the testing process
[30]. The minimal change in overpotential demonstrates excellent durability, attributed to the
strong interaction between thionine and GONRs, which preserves structural integrity and
maintains conductivity. The synergistic combination of high conductivity, stable interfaces,
and flexible architecture enables outstanding long-term HER performance, making the

GONRs/Th (HT) composite a robust and efficient catalyst for practical hydrogen production.

4. Conclusion

This research introduces a simple and efficient method for producing thionine-coated
graphene oxide nanoribbons (GONRs/Th) via both hydrothermal (HT) and ambient-
temperature (RT) approaches. The resulting materials exhibit superior electrochemical
qualities, indicating their potential for use in energy storage and conversion technologies.
Structural and spectroscopic investigations confirm strong interactions between thionine and

GONRs, which considerably enhance their electrical conductivity.

The GONRs/Th (RT) electrode exhibited notable pseudocapacitive behavior, reaching
a specific capacitance (C,) of 732 F/g at 1 A/g. Meanwhile, the GONRs/Th (HT) composite
exhibited strong electrocatalytic performance for HER, with an overpotential as low as 122 mV
at 10 mA/cm? and a Tafel slope of 91 mV/decade. Its remarkable stability, preserving both
structure and electrochemical properties for over 20 hours in 1 M H,SO,4, was due to the

effective n—m interactions and solid interfacial bonding between thionine and GONRs.
38
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Overall, the synergistic effects of thionine incorporation and controlled, synth&§is, - ooox

conditions lead to enhanced charge transport, optimized active-site utilization, and improved

mechanical stability. These findings position GONRs/Th composites as highly versatile and

efficient candidates for next-generation supercapacitors, fuel cells, and hydrogen production

technologies.
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