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1. Introduction

Sustainable TiO, photocatalysts modified with
hollyhock-derived carbon dots and natural dye
for enhanced visible-light degradation of Congo
red: a comparative study

Govar H. Hamasalih,? Sewara J. Mohammed ) *° and Shujahadeen B. Aziz (2 *©

This study introduces a sustainable method for valorizing Alcea rosea (hollyhock) floral waste by
developing two novel TiO,-based photocatalysts modified with biomass-derived materials: a natural dye
(HH dye) and carbon dots (HHCDs). The HHCDs were synthesized via a one-pot hydrothermal process
at 180 °C, yielding oxygen-rich, amorphous carbon dots. TiO, nanoparticles were prepared by a sol—gel
method and subsequently modified with either HH dye or HHCDs through environmentally benign pro-
cedures. Comprehensive characterization (FTIR, XRD, UV-vis, and FE-SEM) confirmed the successful
incorporation of both modifiers and their interaction with the TiO, surface. Optical analysis indicated
a significant reduction in the bandgap for both composites, with HH dye@TiO, (~2.67 eV) exhibiting
a lower bandgap than HHCDs@TiO, (~2.89 eV). Electrochemical measurements revealed that
HHCDs@TiO, facilitated more effective charge carrier separation, whereas HH dye@TiO, demonstrated
superior light-harvesting capabilities due to its anthocyanin content. In photocatalytic degradation
experiments under visible light, HHCDs@TiO, demonstrated superior performance, achieving 97.1%
degradation of Congo red dye within 80 minutes, compared to 96.8% in 120 minutes for HH dye@TiO,.
Both composites exhibited remarkable long-term stability, retaining over 95% of their efficiency after
180 days of storage. Optimal degradation conditions were identified at mildly acidic to neutral pH using
0.04 g of HHCDs@TiO, and 0.06 g of HH dye@TiO,. This work presents a novel, dual-approach strategy
for fabricating efficient and eco-friendly photocatalysts, highlighting their significant potential for solar-
driven water purification and environmental remediation.

may degrade into benzidine, a known carcinogen, leading to
long-term ecological and biological harm.>® These adverse

The extensive use of synthetic dyes in industries such as
textiles, paper, and plastics has led to the discharge of large
volumes of dye-contaminated wastewater, posing significant
threats to aquatic ecosystems and public health." Among these
pollutants, azo dyes such as Congo red (CR) are particularly
concerning due to their complex aromatic structure, high
solubility, and resistance to natural biodegradation, coupled
with their potential carcinogenic properties.”® The intense
color of CR can significantly impede photosynthesis by redu-
cing light penetration in aquatic ecosystems.® Moreover, CR
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characteristics establish CR as a critical model pollutant for
evaluating advanced wastewater treatment technologies.”

Conventional treatment methods, including adsorption,
coagulation, and flocculation, are often ineffective, as they
primarily transfer contaminants between phases rather than
degrading them.® In contrast, advanced oxidation processes
(AOPs), particularly heterogeneous photocatalysis, offer a more
sustainable approach by utilizing light energy to generate
reactive oxygen species (ROS), which mineralize organic pollu-
tants into harmless end products.”'® Titanium dioxide (TiO,)
has been widely used as a photocatalyst due to its non-toxicity,
low cost, and chemical stability. However, its practical applica-
tion is hampered by two primary limitations: a wide bandgap
(~3.2 eV for anatase and ~ 3.0 eV for rutile), which restricts its
photoactivity to the ultraviolet region (only ~4% of the
solar spectrum), and the rapid recombination of photogener-
ated electron-hole pairs, which drastically reduces quantum
efficiency.”™*
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To overcome these limitations, TiO, has been modified
through various strategies, including metal/non-metal doping,
coupling with narrow-bandgap semiconductors, and sensitiza-
tion with organic dyes or carbon-based nanomaterials.'**?
Among these, natural dyes and carbon dots (CDs) derived from
plant biomass have emerged as promising, green, and cost-
effective modifiers for enhancing the visible-light response of
Ti0,.'®"” Natural dyes, rich in anthocyanins and flavonoids, are
abundant, biodegradable, and exhibit excellent light-harvesting
capabilities in the visible spectrum.®'® Hollyhock (Alcea rosea),
an ornamental plant, produces vividly pigmented flowers that
are typically discarded after blooming. This floral waste repre-
sents a valuable and untapped source of natural dyes with
inherent electron-donating and photosensitizing properties
suitable for photocatalysis.>’

Carbon dots, a class of zero-dimensional, carbon-based
nanomaterials, have also gained significant attention ascribed
to their tunable photoluminescence, high surface area, biocom-
patibility, and ability to facilitate electron transfer.>*”** CDs can
improve charge separation, broaden light absorption, and
contribute to up-conversion luminescence.>®*® When derived
from plant-based dyes, they offer a dual advantage, converting
biomass waste into functional nanomaterials while enhancing
photocatalyst performance. Nevertheless, scalable, low-cost
methods for preparing CD-based photocatalysts remain a chal-
lenge, limiting their widespread application.””*®

Compared to synthetic modifiers, which often involve
complex, energy-intensive processes and potentially toxic pre-
cursors, biomass-derived materials offer a compelling green
alternative. Their advantages include abundance, biodegrad-
ability, low cost, and inherent surface functional groups that
enhance pollutant adsorption and facilitate semiconductor
anchoring. While challenges in scalability and precise control
of properties persist, the valorization of agricultural waste into
functional photocatalytic materials represents a significant
stride towards a circular economy.”’*' Recent research has
demonstrated the potential of biomass-derived CDs as eco-
friendly photocatalyst modifiers.>”> However, few studies have
directly compared the performance of TiO, modified with
natural dyes and their corresponding CDs derived from the
same biomass source. Such comparisons are essential for
understanding structure-activity relationships and optimizing
green photocatalyst design for practical and industrial use.

This study demonstrates a sustainable approach by synthe-
sizing and comparatively evaluating two TiO,-based photocata-
lysts modified with hollyhock-derived natural dye (HH dye) and
hollyhock-derived carbon dots (HHCDs), both sourced from the
same floral waste. The photocatalysts were thoroughly charac-
terized to understand their structural, morphological, optical,
and electrochemical properties. Their performance was evalu-
ated through the degradation of Congo red under visible light
irradiation. This work not only contributes to the development
of efficient, waste-derived photocatalysts for water purification
but also provides fundamental insights into the distinct mecha-
nistic roles of a natural dye and its corresponding carbon dots
in enhancing TiO, photocatalysis. The findings align with the

914 | Mater. Adv,, 2026, 7, 913-932

View Article Online

Materials Advances

principles of waste valorization and support broader efforts
towards achieving the United Nations Sustainable Development
Goals (SDGs) for clean water and sustainable production.

2. Experimental section
2.1 Materials

Hollyhock flowers (Alcea rosea), used for extracting natural
dye (HH dye) and synthesizing hollyhock dye-derived carbon
dots (HHCDs), were collected from the garden of the Univer-
sity of Sulaimani’s Research and Development Center (Sulay-
maniyah, Kurdistan Region, Iraq). Titanium(wv) isopropoxide
(TifOC(CH3),]s (TTIP), >97%, Sigma-Aldrich) served as the
titanium precursor. Ethanol (C,HsOH, 99.9%), hydrochloric
acid (HCl, 37%, Merck), and deionized (DI) water were used
for sol-gel synthesis. Congo red (CR, C3,H,,NNa,06S,, 99.5%,
Merck) was employed as the model pollutant. All chemicals
were used as received without further purification.

2.2 Instrumentations

Fourier transform infrared (FT-IR) spectroscopy (Viax in cm ™)
with KBr pellet methodon a PerkinElmer spectrophotometer
(Waltham, MA, USA) was used to find the characteristic func-
tional groups. The 'H and *C nuclear magnetic resonance
(NMR) spectra were obtained using a 600 MHz Bruker BioSpin
spectrometer (Rheinstetten, Germany) using DMSO-d, as the
solvent. Photocatalytic degradation was monitored by recording
UV-visible absorption spectra using a UV 6100 double beam
spectrophotometer with a wavelength range of 190-1100 nm,
while diffuse reflectance spectra (DRS) were collected on a
Varian Cary 100 UV-Vis spectrophotometer equipped with a
DRA-CA-30I integrating sphere to determine the optical band
gap. X-ray diffraction (XRD) was performed using an Angstrom
Advance ADX 2700 diffractometer (Massachusetts, USA) under
Cu Ko radiation (1 = 1.5406 A), which scanned the 10-80° 26
range with a step size of 0.1°. Photoluminescence (PL) spectra
were measured with a Cary Eclipse fluorescence spectrophot-
ometer (Agilent Technologies, USA). HRTEM was carried out
using an FEI Tecnai G2 F30. At the same time, the surface
chemical composition and elemental states were analyzed
using X-ray photoelectron spectroscopy (XPS) with a Thermo
Fisher ESCALAB 250Xi instrument. Morphological features
were examined by field-emission scanning electron microscopy
(FE-SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS) using a TESCAN MIRA3 system (Czechia) and photoreac-
tor 2 x 30 W flood blue light LED lamps.

2.3 Methodologies

2.3.1 Extraction of the HH dye. The extraction of natural
colorants often involves time- and energy-intensive processes.
To address these challenges, ultrasound-assisted extraction
(UAE) was employed as an efficient alternative to conventional
methods, offering advantages such as reduced extraction time,
lower energy consumption, and improved pigment yield.*?
Fresh hollyhock (HH) flowers were collected, air-dried in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shade to preserve light-sensitive phytochemicals (e.g,
anthocyanins),* and ground into a fine powder using brief
pulsed blending to avoid heat generation. For the extraction,
8 g of powdered hollyhock was suspended in 200 mL of ethanol,
chosen for its efficacy in disrupting plant cell walls and
solubilizing polar pigments while
degradation.?”

The suspension was subjected to sonication using a
UIP500hdT ultrasonic processor (20 kHz, 250 W), with the
probe immersed directly in the solution. During the 10-
minute sonication, the temperature naturally increased from
20 °C to 65 °C due to cavitation effects. After allowing it to settle
for 10 minutes, the extract was decanted. The residual plant
material was then re-extracted twice using 150 mL of ethanol

minimizing thermal
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under identical sonication conditions to maximize pigment
recovery.

The combined extracts were purified by sequential filtration
through Whatman No. 40 filter paper to remove coarse parti-
culates, followed by 0.22 um syringe filtration to remove finer
debris. The filtrate was concentrated using a rotary evaporator,
and the resulting dye was further dried in a silica gel desiccator.
The final dry yield of the HH dye was 2.25 g (~28.1%), which
was stored at 4 °C for subsequent characterization and applica-
tion, as shown in Scheme 1a.

2.3.2 Synthesis of HHCDs from the HH dye. HHCDs were
synthesized from the HH dye via a hydrothermal method.
Briefly, 0.5 g of HH dye was dissolved in 100 mL of ethanol
and transferred to a Teflon-lined stainless-steel autoclave. The
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Scheme 1

(a) The stepwise extraction process of the HH dye, (b) the hydrothermal synthesis procedure of the HHCDs from the HH dye, and (c) the sol-

gel synthesis process of pure TiO, nanoparticles, including hydrolysis, condensation, gelation, drying, and calcination steps.
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mixture was heated at 180 °C for 24 h under hydrothermal
conditions and then allowed to cool to room temperature,
yielding a brownish-yellow solution.

The solution was filtered twice through Whatman No. 40
filter paper (Whatman International Ltd, Kent, UK) to remove
coarse particulates and then centrifuged at 5000 rpm for 10 min
to separate larger carbonaceous aggregates. The supernatant
was further purified by filtration through a 0.22 pm PTFE
syringe filter. The solvent was evaporated under reduced pres-
sure using a rotary evaporator, and the residue was redissolved
in chloroform to facilitate the removal of residual polar
impurities.

Liquid-liquid extraction was performed three times using a
chloroform/water (1:1 v/v) system. The chloroform phase was
collected and concentrated under reduced pressure, yielding
0.5 g (50% yield) of purified brownish-yellow HHCDs. The final
product was stored at 4 °C for subsequent characterization and
photocatalytic studies (Scheme 1b illustrates the synthesis
procedure of the HHCDs).

2.3.3 Synthesis of TiO, nanoparticles via a sol-gel method.
The TiO, nanoparticles (TiO,NPs) were synthesized using
a sol-gel method with titanium(iv) isopropoxide (TTIP)
as the precursor, following a modified reported procedure.'®
The synthesis involved preparing two separate solutions
with a molar ratio of TTIP:DI water:EtOH:HCl = 1:1:
10:0.1.

Solution A was prepared by mixing 30 mL of ethanol with
1.82 mL of deionized water and 870 pL of HCI, followed by
stirring for 10 min. Solution B was prepared by combining 30
mL of TTIP with 30.86 mL of ethanol in a round-bottom flask,
maintained at 10 °C using a cooling bath, and stirred
continuously.

View Article Online
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Solution A was added dropwise to solution B at a rate of
1 drop every 5 s under stirring at 10 °C, resulting in a
transparent solution. Stirring was continued for an additional
10 min, after which the mixture was aged for 24 h to form a
thick gel. The gel was transferred to a glass Petri dish and dried
at room temperature for 48 h, yielding pale yellow TiO, materi-
als. These were ground into a fine powder using a mortar and
pestle, then calcined at 500 °C for 4 h in a muffle furnace to
obtain white TiO,NPs, as illustrated in Scheme 1c.

2.3.4 Fabrication of HH dye@TiO, and HHCDs@TiO,
nanocomposites. The nanocomposites of HH dye@TiO, and
HHCDs@TiO, were prepared via a solution dispersion method.
In the optimized procedure, 0.3 g of HH dye and 0.3 g of
HHCDs were separately mixed with 3 g of TiO, nanoparticles
(weight ratio 0.1:1) in 150 mL of ethanol. The mixtures were
stirred at 25 °C in the dark for 30 minutes, during which the
color of TiO, changed from white to dark blue in the dye-doped
system (HH dye@TiO,) and became brown in the CD-doped
system (HHCDs@TiO,), confirming successful composite for-
mation (Scheme 2a and b).

The resulting precipitates were washed 3-4 times with
distilled water to remove unbound dye or carbon dots, then
dried overnight at 50 °C in an oven. The final composites were
stored in amber vials to prevent photodegradation before
characterization and photocatalytic testing.

2.3.5 Photodegradation of Congo red using HH dye@TiO,
and HHCDs@TiO, under visible light. The photocatalytic per-
formance of the HH dye@TiO, and HHCDs@TiO, composites
was evaluated for the visible-light degradation of the CR dye.
Experiments were conducted in a glass test tube (25 x 150 mm)
serving as the photocatalytic reactor, illuminated by two 30 W
blue LED floodlights positioned behind the reactor to ensure

.

Stirring at dark for 30 min

1

HH dye@TiO,

HHCDs@TiO,

J

Scheme 2
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Illustration of the fabrication process and the photographs of the resulting (a) HH dye@TiO, and (b) HHCDs@TiO, nanocomposites.
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uniform light distribution without significant heating. The
setup was enclosed in an aluminum foil-lined box to prevent
external light interference. A 30 W blue LED source with an
optical output of approximately 7.5 W was used for visible-
light irradiation, providing an estimated power density of
18.75 mW cm 2 over an illuminated area of 400 cm?, as
confirmed with a calibrated lux meter.

Before irradiation, 0.02-0.07 g of photocatalyst was dis-
persed in 50 mL of CR solution (10 ppm) and stirred in the dark
for 30 min to achieve adsorption-desorption equilibrium. The
mixture was then exposed to visible light under constant stirring,
with an electric fan maintaining the temperature at 25 °C. At
intervals of 30, 60, 90, and 120 min, 5 mL aliquots were with-
drawn, centrifuged to remove the catalyst, and analyzed by UV-vis
spectrophotometry at Amax = 497 nm to monitor CR degradation.
The recovered photocatalysts were washed with distilled water,
dried at 60 °C, and reused for recyclability studies.

The effects of irradiation time (30-120 min), catalyst dosage
(0.02-0.07 g), initial dye concentration (5-20 ppm), and
solution pH (4.17, 5.75, and 8.70) were systematically investi-
gated. Unless otherwise specified, a fixed irradiation time of
60 min was applied for all experiments except those assessing
time-dependent degradation or recyclability. Photocatalyst sta-
bility was evaluated over five consecutive cycles, with washing
and drying between runs to ensure reproducibility.

The degradation efficiency (%) was calculated as:

C—-C

Degradation (%) = L % 100%

1)

0
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where C, and C, are the initial and time-dependent CR con-
centrations (mg L"), respectively.*®

2.3.6 Quantum yield (QY) determination. The quantum
yield (@) of the photocatalysts was determined using fluores-
cein as the reference standard.’” & was calculated from the
relative absorbance (4), integrated fluorescence emission inten-
sity (I), and refractive index (i7) of the samples compared to the
reference according to:

I Ag i

b = Ppp———— 2
IR A ng? @

where subscript R denotes the reference (fluorescein) and
unsubscripted terms correspond to the tested photocatalysts.

3. Results and discussion
3.1 HH dye characterization

The FTIR spectrum of the HH dye (Fig. 1a) reveals the presence
of various functional group characteristics of polyphenolic and
flavonoid-rich plant extracts.*®*° A broad absorption band at
3366 cm™ " corresponds to O-H and N-H stretching vibrations,
indicating the presence of hydroxyl and amine groups typically
found in natural pigments such as anthocyanins,*® while the
peaks at 2924 cm™ " and 2851 cm ™" are attributed to aliphatic
C-H stretching.*"** A strong band at 1716 cm ™" is assigned to
C=0O0 stretching (carbonyl groups), likely from anthocyanins or
other conjugated systems, and the band at 1638 cm ™' corre-
sponds to aromatic C=C stretching vibrations.** Additional
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© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) FTIR spectrum, (b) UV-vis absorption spectrum, and (c) XRD pattern of the HH dye.
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1 1

peaks at 1463 cm™ - and 1340 cm™  are associated with C-H
bending of aliphatic carbons.** Absorptions between 1240 and
1071 cm™ " correspond to C-O and C-N stretching, indicating
the presence of ether and amine functionalities.*>™*” These
functional groups suggest strong potential for interfacial inter-
actions with TiO, surfaces.

The UV-vis absorbance spectrum of the HH dye (Fig. 1b)
exhibits strong absorption in the UV and visible regions, with a
distinct band at ~550 nm, attributed to an n-n* electron
transition.*® This suggests its efficient visible-light harvesting
capability, which is crucial for enhancing the photocatalytic
activity of TiO, under visible light. Dyes are enriched with
colorants and anthocyanins, and thus their absorption will
cover the UV to visible region of electromagnetic radiation.

The XRD analysis, as shown in (Fig. 1c), confirms the
amorphous nature of the HH dye. This is evidenced by a broad
diffraction band centered within the 20 range of approximately
16° to 24°, characteristic of amorphous structural features.*’

3.2 Structural and morphological characterization of HHCDs

The HHCDs were synthesized via an eco-friendly hydrothermal
method using the HH dye as a dual carbon and nitrogen
source. The synthesized HHCDs were characterized using mul-
tiple techniques, including FTIR, "H-NMR, "*C-NMR, XPS, UV-
vis spectroscopy, photoluminescence (PL), HR-TEM, and XRD.
These techniques were employed to elucidate the chemical
structure, optical properties, and morphology of the HHCDs,
clarifying their role in improving the visible-light photocatalytic
activity of sustainable TiO, systems.

View Article Online
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3.2.1 FTIR spectrum analysis of HHCDs. The FTIR spec-
trum of HHCDs derived from the HH dye (Fig. 2a) exhibits
distinct shifts, indicating chemical transformation during car-
bonization. A broad band at 3390 cm ' is attributed to O-H
stretching from surface hydroxyl and carboxyl groups, which
enhances hydrophilicity.>® The aliphatic C-H stretching bands
remain visible at 2921 cm ™" and 2851 cm™". A prominent peak
at 1715 cm™' confirms the presence of carboxylic C—=0
functionalities.”® Notably, the band at 1655 cm ™" is assigned
to C—=N stretching, suggesting nitrogen incorporation, possibly
in the form of an imine or pyridinic structure.’® Graphitic C=C
vibrations appear around 1624 cm ™" and 1608 cm ™', indicating
retention of conjugated systems.**** A C-H bending peak is
observed at 1371 cm ™. Peaks at 1241 cm™ ' and 1173 cm ™"
correspond to C-O and C-N bonds, which contribute to surface
polarity and potential interaction with Ti0,.>>>¢

Collectively, these results verify that the carbonization pro-
cess not only preserves but also enhances key functional groups
on the HHCDs, including hydroxyl, carbonyl, and nitrogen-
containing species. These groups are critical for promoting
interfacial charge transfer and boosting photocatalytic activity.
The incorporation of CDs with such a rich functional group
landscape is crucial for improving the light-matter interactions
of TiO,, thereby enhancing its overall photocatalytic perfor-
mance. Further insights into the role of CDs within the TiO,
composite structure are discussed in the subsequent sections.

3.2.2 'H-NMR spectrum analysis of HHCDs. The 'H-NMR
spectrum of HHCDs in DMSO-ds (Fig. 2b) reveals diverse
proton environments, reflecting their structural complexity.
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Fig. 2 (a) FT-IR spectrum, (b) *H-NMR spectrum (DMSO-ds), (c) **C-NMR spectrum (DMSO-de), and (d) XRD pattern of HHCDs.
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Broad signals in the 9.77-9.54 ppm region are assigned to
acidic protons (-COOH or -OH), confirming the presence of
surface carboxyl/phenolic groups,”” which enhance aqueous
stability and facilitate electron transfer in photocatalysis. Multi-
ple peaks between 7.56 and 5.02 ppm arise from aromatic
protons (-CH=—CH-), indicating a graphitic carbon framework
and retained sp>-hybridized structures derived from the
HH dye precursor.”® The 4.3-3.4 ppm region shows protons
adjacent to electronegative atoms (O-CH, N-CH, -OH, -NH,),
further supporting nitrogen and oxygen incorporation, and
suggesting increased polarity and potential electron-donating
capabilities.”® Finally, signals at 2.8-0.8 ppm correspond to
aliphatic protons (-CHj, -CH,-), reflecting residual hydrocar-
bon chains that contribute to the amphiphilic nature and
dispersibility of HHCDs in aqueous systems.’**°

3.2.3 '3C-NMR spectrum analysis of HHCDs. The "*C-NMR
spectrum of HHCDs in DMSO-de (Fig. 2c) provides detailed
insights into their carbon framework and functionalization.
Distinct signals in the 174-165 ppm region are assigned to
carboxyl carbons (-COOH), confirming the presence of oxidized
surface groups critical for water solubility and photocatalytic
activity.>® The appearance of peaks between 159 and 156 ppm
corresponds to aromatic carbons adjacent to nitrogen (C=N),
verifying the presence of nitrogen elements, a key feature
for enhancing electron density and surface reactivity.®' The
regions belonging to 148-105 ppm reveal the prominent sp’-
hybridized carbon (C=C) signals, indicating a graphitic core
that facilitates light absorption and charge transfer.®? Further-
more, the peaks between 76 and 56 ppm are attributed
to C-O and C-N bonds, suggesting hydroxyl and amine func-
tional groups, which improve aqueous stability and HHCD
interactions.®® Finally, signals at 13-33 ppm arise from alipha-
tic carbons (-CHj3, -CH,-), likely from residual hydrocarbon
chains during synthesis.®® These "*C-NMR results are in excel-
lent agreement with the FTIR and "H-NMR findings, confirm-
ing the presence of diverse surface functionalities, including
carboxyl, hydroxyl, amine, and aromatic moieties, which collec-
tively enhance the photocatalytic performance of the HHCD-
modified TiO, system.

3.2.4 XRD analysis of HHCDs. The crystalline structure of
the synthesized HHCDs was examined using X-ray diffraction
(XRD). As shown in Fig. 2d, the XRD pattern exhibits a broad
diffraction peak centered at 20 =~ 22.75°, which corresponds to
the (002) plane of disordered graphitic carbon.®* The peak’s
broadness and low intensity signify a lack of long-range crystal-
line order, confirming the predominantly amorphous nature of
the HHCDs.®® This structural characteristic is typical for carbon
dots synthesized via green, bottom-up routes and is known to
profoundly influence their optical and electronic properties,
including charge carrier mobility and light absorption. The
observed pattern is consistent with previous reports on
biomass-derived carbon dots, thereby validating the successful
formation of HHCDs through the presented sustainable synth-
esis method.

3.2.5 X-ray photoelectron spectroscopy (XPS) analysis of
HHCDs. XPS analysis provided comprehensive insights into

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the surface composition and chemical bonding states of the
HHCDs. The survey spectrum (Fig. 3a) exhibits three prominent
peaks at binding energies of 284.96 eV (C 1s), 400.03 eV (N 1s),
and 522.79 eV (O 1s), confirming the co-existence of carbon,
nitrogen, and oxygen as primary surface elements.®®®” The
relative intensities of these peaks indicate successful nitrogen
incorporation during the carbonization process, a crucial fea-
ture for modifying the electronic structure of the carbon dots.
The high-resolution C 1s spectrum (Fig. 3b) reveals the complex
chemical environment of carbon atoms, with deconvoluted
peaks at 283.9 eV (C-C sp® hybridized carbon),®® 284.5 eV
(C=C/C-C graphitic carbon),*® 285.4 eV (C-OH hydroxyl
groups),”’ 286.17 eV (C-O/C-N ether/amine linkages),”" and
287.4 eV (C=0 carbonyl groups).”” This distribution confirms
the presence of both aromatic domains and oxygenated func-
tional groups, consistent with our FTIR and NMR results. The N
1s spectrum (Fig. 3c) further demonstrates nitrogen incorpora-
tion through three characteristic components at 398.7 eV
(pyridinic N, C=N), 399.4 eV (pyrrolic N, N-H), and 401.1 eV
(graphitic N, C-N), which are known to enhance charge carrier
density and surface reactivity.”>”*

Complementary information comes from the O 1s spectrum
(Fig. 3d), where deconvolution yields four components at
531.2 eV (C=O carbonyl), 532.0 eV (C-O epoxy/ether),
532.8 eV (C-OH/C-O-C hydroxyl/ester), and 533.3 eV (adsorbed
water/oxygen species).”>”’ The predominance of oxygen-
containing functional groups explains the excellent aqueous
dispersibility of HHCDs observed during synthesis and applica-
tion. These XPS findings collectively demonstrate that HHCDs
possess an ideal surface chemistry for photocatalytic applica-
tions, combining conjugated sp*> carbon domains for charge
transport, nitrogen dopants for enhanced electron density, and
oxygen functional groups for improved interfacial interactions
with TiO,.

3.2.6 HR-TEM analysis of HHCDs. The HR-TEM analysis
revealed the morphological and structural characteristics of the
HHCDs. Fig. 4a—-c show that the HHCDs possess a uniform
spherical morphology with narrow size distribution (Fig. 4d),
demonstrating excellent synthetic control. This spherical geo-
metry maximizes the surface-to-volume ratio while ensuring
optimal dispersibility, crucial for photocatalytic applications.

High-magnification HR-TEM images (Fig. 4c) reveal well-
defined lattice fringes with an interplanar spacing of 0.208 nm.
This measurement corresponds to the (100) crystallographic
plane of graphitic carbon and aligns well with the value of
0.21 nm reported by Guo et al.”® This observation confirms the
presence of sp>-hybridized carbon domains within the HHCD
structure, indicating a partially ordered graphitic framework
embedded in an amorphous carbon matrix.”® This structure is
further corroborated by the selected-area electron diffraction
(SAED) pattern (Fig. 4c inset), which displays characteristic
diffuse rings.

This unique nanoarchitecture is pivotal to the optoelectro-
nic properties of the HHCDs.®>®' The embedded graphitic
domains facilitate efficient charge carrier transport via m-n*
electronic transitions, while the surrounding amorphous
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Fig. 3 XPS analysis of HHCDs: (a) full survey spectrum showing elemental composition, (b) high-resolution C 1s spectrum with chemical state
deconvolution, (c) N 1s spectrum revealing nitrogen bonding configurations, and (d) O 1s spectrum detailing oxygen functional groups.

regions host abundant surface functional groups that enhance
photoluminescence and allow for facile surface modification.

14 Mean D=1.38 nm
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Fig. 4 (a)-(c) HR-TEM images at progressively higher magnifications
(scale bars: 100, 50, and 5 nm, respectively) showing spherical morphol-
ogy, with an inset in (c) displaying the SAED pattern; (d) particle size
distribution histogram demonstrating narrow size dispersion.
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Furthermore, the narrow particle size distribution of 5-10 nm
(Fig. 4d) is optimal for enhancing visible-light absorption
and promoting charge separation. These structural attributes
are highly advantageous for photocatalysis. They facilitate
improved interfacial electron transfer within the HHCD-TiO,
composite, ultimately leading to the enhanced degradation of
Congo red dye under visible light irradiation.

3.2.7 PL spectroscopy analysis of HHCDs. The optical
properties of HHCDs were systematically investigated using
UV-visible absorption and photoluminescence (PL) spectro-
scopy in ethanol solution. As shown in Fig. 5a, the UV-vis
absorption spectrum displays a prominent band at 410 nm,
attributed to n—-r* transitions of carbonyl and amine functional
groups on the HHCD surface.®” This electronic transition is the
characteristic of carbon dots with nitrogen-containing surface
moieties. The HHCD solution appears pale yellow under visible
light but exhibits intense cyan emission when irradiated with
365 nm UV light (Fig. 5a inset), demonstrating their strong
fluorescence properties.

PL analysis revealed excitation-dependent emission beha-
vior, as evidenced by the series of emission spectra collected
from 310 to 450 nm excitation (Fig. 5b). The maximum emis-
sion intensity occurs at 490 nm when excited at 410 nm, which
corresponds to the absorption maximum observed in the UV-vis
spectrum. This excitation-emission relationship was further
confirmed by the excitation spectrum monitored at 490 nm
(Fig. 5a), verifying 410 nm as the optimal excitation wavelength.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optical characterization of HHCDs: (a) UV-vis absorption (blue), excitation (black), and emission (red) spectra in ethanol, with an inset showing
solution appearance under visible light (left) and 365 nm UV light (right); (b) excitation-wavelength-dependent emission spectra (310-450 nm in 10 nm

increments).

The relatively narrow Stokes shift (80 nm) between absorption
and emission maxima suggests efficient radiative recombina-
tion processes in the HHCDs.

The absolute quantum yield (QY) of the HHCDs was
determined to be 4.49% using fluorescein (QY = 95%) as a
reference standard. This QY value is moderate compared to
some synthetic carbon dots and sufficient for photocatalytic
applications.®® The observed fluorescence properties stem from
the combination of quantum confinement effects in the sp®
carbon domains and surface state emissions from the func-
tional groups, as evidenced by FTIR and NMR results.

3.3 Characterization of the TiO, nanocomposites (HH
dye@Ti0,, HHCDs@TiO,)

3.3.1 FTIR spectra analysis of the TiO, nanocomposites.
The FTIR spectra of the nanocomposites confirm the successful
incorporation of HH dye and HHCDs into the TiO, matrix
(Fig. 6a—c). The spectrum of pure TiO, (Fig. 6a) displays a broad
O-H stretching band at 3405 cm ™', indicative of surface
hydroxyl groups.®* A band at 1656 cm ™" corresponds to Ti-OH
bending,** while strong absorption bands at 715 cm™" and
479 cm™ " are assigned to Ti-O-Ti lattice vibrations, character-
istic of the anatase phase.®®

The HH dye@TiO, nanocomposite (Fig. 6b) shows modified
spectral features indicating successful hybridization. The O-H
stretching shifts to 3398 cm™", suggesting hydrogen bonding
between TiO, surface groups and HH dye molecules.’® New
peaks at 2923 cm ™" and 2867 cm ™" correspond to aliphatic C-H
stretching vibrations from the HH dye components. The 1624
cm ! region represents overlapping contributions from Ti-OH
bending and aromatic C=C stretching from the dye’s conju-
gated system.®””*® The Ti-O vibrations shift slightly to 667 cm ™"
and 470 cm™', demonstrating structural interactions
between TiO, and HH dye functional groups without phase
alteration.®**° More pronounced modifications appear in the
HHCDs@TiO, spectrum (Fig. 6¢). The O-H stretching intensi-
fies and shifts to 3420 cm™', indicating enhanced surface
hydroxylation.”* Stronger C-H vibrations (2935 cm™",
2863 cm ") reflect greater organic surface coverage by HHCDs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of (a) pure TiO,, (b) HH dye@TiO, nanocomposites,
and (c) HHCDs@TiO, nanocomposites.

The maintained anatase structure is evidenced by Ti-O vibra-
tions at 669 cm™' and 471 cm™%,°> while the more intense
1623 cm ™' band suggests reinforced interfacial interactions
between TiO, and HHCD surface groups.

These spectral changes collectively verify successful nano-
composite formation. The enhanced intensity and shifted
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peaks in HHCDs@TiO, suggest stronger interfacial coupling
compared to HH dye@TiO,, which should facilitate improved
visible-light absorption and charge carrier separation, crucial
for enhancing Congo red photodegradation efficiency.

3.3.2 XRD analysis of the TiO, nanocomposites. X-ray
diffraction analysis was conducted to examine the crystalline
structure and phase composition of the prepared TiO,-based
photocatalysts. As shown in Fig. 7, the XRD patterns of the
unmodified TiO, (anatase-rutile) (Degussa P25), HH-dye-
modified TiO,, and HHCD-modified TiO, nanocomposites all
exhibit diffraction peaks matching the reference patterns for
anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276)
phases.”® This confirms that the fundamental crystalline struc-
ture of TiO, remains intact following surface modification with
hollyhock-derived components.

Pure TiO, nanoparticles display characteristic peaks at 20
values of 25.3°, 37.9°, 48.3°, 54.1°, 55.1°, 62.8°, 69.2°, 70.3°, and
75.4°, corresponding to the (101), (004), (200), (105), (211), (204),
(116), (220), and (215) crystallographic planes of the tetragonal
anatase phase, respectively.’* The sharpness and high intensity of
these peaks demonstrate the excellent crystallinity of the starting
TiO, material. Both modified nanocomposites show nearly iden-
tical diffraction patterns to the unmodified TiO,, with no detect-
able peak shifts or additional phases present.

The absence of distinct diffraction peaks attributable to
either HH dye or HHCDs, despite the evidence of graphitic
domains in HHCDs from HR-TEM analysis, is attributed to two
primary factors.”>°® First, the modifiers were loaded at a low
weight ratio (10%) and are highly dispersed as a surface layer
on the TiO, nanoparticles. Consequently, the X-ray scattering
from these nanoscale components is overwhelmed by the
intense diffraction from the bulk crystalline TiO, phase. Sec-
ond, the broad, low-intensity (002) graphitic hump character-
istic of HHCDs (centered around 22°) is effectively masked
by the sharp, high-intensity peaks of the anatase and rutile
phases. This is a common phenomenon when a small quantity

HHCDs@TiO
A

A | I W WA

HH dye@TiO, ] l

Intensity (a.u.)

Pure TiO, H‘ b l M

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26(°)

Fig. 7 XRD patterns comparing unmodified TiO, nanoparticles with HH

dye@TiO,, and HHCDs@TiO, nanocomposites, demonstrating the intact

crystalline structure after surface modification.
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of a semi-crystalline or amorphous material is composited
with a highly crystalline substance, rendering the weaker
signals undetectable.®” This structural preservation confirms
that the modification process does not alter the fundamental
crystalline architecture of TiO, while still enabling surface
functionalization.’®

The maintained crystallinity is particularly advantageous for
photocatalytic applications as it ensures structural stability
during photoreactions and preserves the intrinsic charge trans-
port properties of TiO,. Meanwhile, the surface modifications
provide the additional benefit of enhanced visible-light absorp-
tion through the incorporated organic components, creating an
optimal combination of crystalline stability and improved light
harvesting capability for Congo red degradation.

3.3.3 FE-SEM and EDX analyses of TiO, nanocomposites.
The surface morphology and elemental composition of the
photocatalysts were investigated using FE-SEM and EDX.
Fig. 8(a)-(c) presents the FE-SEM images and corresponding
EDX spectra of the pristine TiO,, HH dye@TiO,, and
HHCDs@TiO, nanocomposites. The FE-SEM images reveal that
all samples maintain a spherical morphology, consistent with
the characteristic shape of Degussa P25 TiO,. However, the
HHCDs@TiO, nanocomposite (Fig. 8c) shows a notably more
compact surface texture with reduced porosity compared to
both pure TiO, (Fig. 8a) and HH dye@TiO, (Fig. 8b), indicating
successful surface modification through HHCD adsorption.”®

EDX analysis provides quantitative evidence of the surface
modifications. The pure TiO, spectrum (Fig. 8a) shows only
titanium and oxygen signals, confirming the absence of impu-
rities. In contrast, the HH dye@TiO, spectrum (Fig. 8b) reveals
trace carbon content, while the HHCDs@TiO, spectrum
(Fig. 8c) displays distinct peaks for carbon and nitrogen in
addition to the primary Ti and O signals. As summarized in
Table 1, the carbon content increases significantly from <0.0 wt%
in pure TiO, to approximately 1.8 wt% in HH dye@TiO, and
8.74 wt% in HHCDs@TiO,. Nitrogen is also detected, with
concentrations of 1.3 wt% in the HH dye@TiO, and 7.91 wt%
in HHCDs@TiO,. This progressive increase in carbon content,
particularly the substantial rise in HHCDs@TiO,, confirms the
effective surface deposition of organic components.'®

The morphological and compositional changes observed
through FE-SEM and EDX correlated well with the enhanced
photocatalytic performance as can be seen in a later section.
The increased carbon content provides more active sites for
pollutant adsorption, while the nitrogen incorporation from
HHCDs may introduce additional charge carrier trapping cen-
ters. The compact surface morphology of HHCDs@TiO, sug-
gests improved interfacial contact between the carbon dots and
TiO,, which should facilitate more efficient charge transfer
during photocatalysis. These structural modifications are
expected to significantly enhance the visible-light photocataly-
tic degradation of Congo red compared to unmodified TiO,.

3.4 Optical characterization of the TiO, nanocomposites

3.4.1 Optical band gap analysis. The optical band gap
(OBG) of semiconductor materials, representing the energy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FE-SEM images and corresponding EDX spectra of (a) pure TiO, nanoparticles, (b) HH dye@TiO,, and (c) HHCDs@TiO, nanocomposites, showing

morphological changes and elemental composition variations.

Table 1 The main elements and chemical composition of pure TiO, and
the HH dye@TiO, and HHCDs@TiO, composites from EDX results

Catalyst Element Weight% Atomic%
TiO, O 38.79 65.49
Ti 61.21 34.51
Total 100 100
HH dye@TiO, C 1.8 4.14
N 1.3 2.86
O 43.6 57.12
Ti 53.3 35.88
Total 100 100
HHCDs@TIO, C 8.74 5.4
N 7.91 3.32
O 34.1 54.04
Ti 49.25 37.24
Total 100 100

required for electron excitation from the valence to conduc-
tion band, fundamentally determines their photophysical
and photocatalytic properties. The Tauc plot analysis of
UV-vis diffuse reflectance spectra (DRS) was employed to deter-
mine the OBG values for pure TiO,, HH dye@TiO,, and
HHCDs@TiO, nanocomposites.'*

The analysis utilizes the Tauc relation:

(ahw)" = B(hv — Eg) (3)

where o is the absorption coefficient, v is the photon energy, B
is a constant, and n represents the transition type (n = 2 for
direct, n = 1/2 for indirect transitions).'> For powder samples,

the Kubelka-Munk function transforms reflectance data:
F(R) = (1 — R)*2R

(4)

where R is the measured reflectance.'®

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 9 presents the DRS spectra plotted as F(R) versus
wavelength. Modified TiO, samples showed reduced reflec-
tance compared to pure TiO,, particularly in the visible region,
indicating enhanced light absorption.'® The Tauc plots
derived from these spectra (Fig. 10a and b) reveal distinct
optical transitions. Linear extrapolation yields direct OBG
values of 3.25 eV (pure TiO,), 3.08 eV (HH dye@TiO,), and
2.89 eV (HHCDs@TiO,), and indirect OBG values of 2.93 eV,
2.67 eV, and 1.3 eV for pure and doped TiO, samples, respec-
tively (Table 2).

The progressive OBG narrowing demonstrates successful
modification of TiO,’s electronic structure. The 0.36 eV

@ Pure TiO,

80 1 ———HH dye@TiO,
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Fig. 9 UV-vis diffuse reflectance spectra (Kubelka—Munk function) of
pure and modified TiO, photocatalysts, showing enhanced visible-light
absorption for the nanocomposites.

Mater. Adv,, 2026, 7, 913-932 | 923


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01037c

Open Access Article. Published on 08 December 2025. Downloaded on 2/10/2026 11:32:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

600

View Article Online

Materials Advances

—a=Pure TiO,

=eo==HH dye@TiO,

5009 . HHCDs@TIO,
HCDs@TiO,) = 1.94 & 2.89 eV
E, (HH dye@TiO,) = 3.08 eV

Eg (Pure TiO,) = 3.25 eV

'S

=3

=3
1

300

(F(R)hv)? (eV cm"")?

200

100

1.0 1.2 14 16 1.8 20 22 24 26 28 3.0 3.2 34 36 38 4.0
Energy (eV)

—a— Pure TiO,
—e— HH dye@TiO,
54 —— HHCDs@TiO,

E, (HHCDs@TiO,) = 1.3 eV
4 J E, (HH dye@Ti0,) = 2.67 & 1.51 eV
E, (Pure TiO,) = 2.93 eV

(F(R)hv)"2 (eV cm™)'?2

10 1.2 14 16 18 2.0 22 24 26 28 3.0 3.2 34 36 38 4.0
Energy (eV)

Fig. 10 Tauc plots for (a) direct (n = 2) and (b) indirect (n = 1/2) bandgap determination through linear extrapolation.

Table 2 Experimentally determined optical band gaps and trapping levels
for pure TiO,, HH@TIO,, and HHCDs@TiO, photocatalysts

Transition Catalysts Trapping level (eV) OBG energy (eV)
(FR) x hv)*>  Pure TiO, — 3.25
HH dye@TiO, — 3.08
HHCDs@TiO, 1.94 2.89
(F(R) x m)"*  Pure TiO, — 2.93
HH dye@TiO, 1.51 2.67
HHCDs@TiO, 1.3 1.3

reduction in direct bandgap for HHCDs@TiO, confirms
improved visible-light absorption, while the exceptionally low
indirect bandgap (1.3 eV) suggests the introduction of mid-gap
states that facilitate charge carrier generation.' These defect
states, evidenced by trapping levels between 1.3 and 1.94 eV, act
as “stepping stones” inside the gap, which separates the VB
from the CB and thus will enhance the photocatalytic efficiency
under visible light.

3.4.2 Zeta potential analysis of pure and modified
TiO, photocatalysts. Zeta potential measurements provide cri-
tical insights into the colloidal stability and surface charge

characteristics of nanoparticle dispersions.'’® Our systematic
evaluation using dynamic light scattering (DLS) revealed that
both modified TiO, photocatalysts exhibit excellent colloidal
stability in aqueous media. The measurements were conducted
under controlled conditions with deionized water as the dis-
persion medium (viscosity = 0.893 mPa s at 25.10 °C), con-
ductivity values of 0.066-0.072 mS cm ™, and applied electrode
voltages of 3.8-3.9 V. The strongly negative zeta potentials of
—52.1 mV for HH dye@TiO, and —45.0 mV for HHCDs@TiO,
(Fig. 11a and c) demonstrate substantial electrostatic repulsion
between particles, effectively preventing agglomeration. For
comparison, pure TiO, nanoparticles synthesized using this
sol-gel method typically exhibit zeta potential values in the
range of —40 to —45 mV.'®”'%® This observation confirms that
the surface modifications successfully enhanced the surface
charge and colloidal stability of the composite photocatalysts.

Complementary electrophoretic mobility measurements yielded
values of —0.000404 cm® V' s™! and —0.000349 cm® V' s~ for
HH dye@TiO, and HHCDs@TiO,, respectively (Fig. 11b and d).
These negative values confirm the overall negative surface
charge of the photocatalysts, with the modest magnitude
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(a) and (c) The zeta potential and (b) and (d) the electrophoretic mobility of HH dye@TiO, and HHCDs@TiO,, respectively.
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indicating controlled migration under applied electric fields.
The surface charge originates primarily from anionic functional
groups introduced through modification, including carboxyl
(-COOH) groups from hollyhock-derived components, surface
hydroxyl (-OH) moieties, and amino (-NH,) groups present in the
carbon dot structures. These functional groups collectively enhance
both surface charge density and aqueous dispersibility.""”

These results demonstrate that both nanocomposites exhi-
bit high negative zeta potentials and superior colloidal stability,
indicating enhanced surface coverage by the adsorbed dye
molecules compared to unmodified TiO,. This improved stabi-
lity is particularly advantageous for photocatalytic applications
as it maintains uniform dispersion of active sites, prolongs
interaction with target pollutants, prevents performance-
degrading aggregation, and facilitates efficient light absorption
throughout the reaction medium. The robust colloidal stability
demonstrated by these measurements confirms the successful
surface modification of TiO, and predicts favorable perfor-
mance in aqueous photocatalytic degradation of Congo red.

3.5 Photocatalytic activity of TiO, nanocomposites for CR
degradation

3.5.1 Effect of catalyst dosage on CR degradation. The
influence of catalyst dosage on photodegradation efficiency is
a critical parameter for practical applications. To investigate
this, various amounts of HH dye@TiO, and HHCDs@TiO,
(0.02, 0.03, 0.04, 0.05, 0.06, and 0.07 g) were tested under
identical conditions: initial CR concentration of 5 ppm, neutral
pH (6.21), and 60 min visible-light irradiation. Fig. 12 demon-
strates that degradation efficiency initially increases with
catalyst dosage, reaching optimal performance at 60 mg for
HH dye@TiO, (achieving 97% degradation) and 40 mg for
HHCDs@TiO, (exceeding 99.9% degradation).

View Article Online
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Beyond these optimal loadings, distinct behaviors emerged
between the two catalysts. HH dye@TiO, exhibited reduced
efficiency at higher dosages. Various interpretations have been
introduced in the literature to explain this phenomenon, such
as excessive catalyst loading increases suspension opacity,
significantly limiting light penetration and photon absorption.
Second, catalyst agglomeration at elevated concentrations
reduces the availability of active sites for both dye adsorption
and surface reactions. Third, light scattering effects become
more pronounced, with aggregated particles potentially deacti-
vating excited molecules through collisions with ground-state
species.

In contrast, HHCDs@TiO, maintained stable photocatalytic
performance even at higher dosages. This remarkable stability
suggests that the carbon dot modification effectively enhances
catalyst dispersibility and optimizes light utilization, thereby
mitigating the common limitations observed with conventional
modified TiO,. These findings align well with established
literature reporting optimal TiO, loadings in the range of
400-500 mg L~ 1,'%"% while simultaneously highlighting the
superior performance characteristics of our carbon dot-
modified photocatalyst under visible light conditions.

The observed performance differences between the two
catalysts underscore the significant advantages conferred by
carbon dot modification. The HHCDs@TiO, nanocomposite
not only achieves higher maximum degradation efficiency
(>99.9% vs. 97%) but also demonstrates greater stability across
a wider range of catalyst loadings. This enhanced performance
profile suggests that the carbon dot modification successfully
addresses key limitations typically associated with TiO,-based
photocatalysts, particularly regarding light absorption effi-
ciency and particle dispersion at higher concentrations.

3.5.2 Effect of initial CR concentration on photodegrada-
tion efficiency. The influence of initial dye concentration on

—e—HH dye@TiO,
—&— HHCDs@TiO,

100 |-
80 |-
60 -

40}

20

97

91

100 |-

Degradation (%)

60 -

99.9 Teo.s 100 T100

10 20 30

40 50 60 70

Catalyst dosage (mg)

Fig. 12 Photodegradation efficiency of CR (5 ppm) under visible light (60 min) as a function of HH dye@TiO, and HHCDs@TiO, dosage.
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Fig. 13 Photodegradation efficiency of HH dye@TiO, and HHCDs@TiO,

as a function of initial CR concentration under visible-light irradiation
(60 min, unadjusted pH, optimum catalyst dosages).

photocatalytic degradation was systematically investigated
using CR solutions ranging from 5 to 40 ppm. As illustrated
in Fig. 13, both photocatalysts exhibited a clear inverse relation-
ship between initial concentration and degradation efficiency,
with HHCDs@TiO, demonstrating consistently superior
performance across all tested concentrations. The carbon
HHCDs@TiO, photocatalyst achieved remarkable degradation
rates of 99.9%, 73.4%, 69.6%, 37%, and 6% at 5, 10, 20, 30, and
40 ppm, respectively, which is superior to the HH dye@TiO,
system (96.7%, 46.8%, 21.1%, 13.2%, and 9.8% at the corres-
ponding concentrations). This concentration-dependent beha-
vior can be attributed to several interrelated factors governing
the photocatalytic process.""* "' At higher dye concentrations,
several limiting effects become pronounced. For example, an
increased number of dye molecules competes for adsorption on
active sites, reducing the available surface area for photon
absorption and radical generation. Moreover, the solution’s
optical density increases, limiting light penetration and conse-
quently the production of reactive oxygen species (*OH and
*0, ") will drop, and finally intermediate degradation products
may occupy active sites, further inhibiting the photocatalytic
process.

The superior performance of HHCDs@TiO,, particularly
evident at intermediate concentrations (10-20 ppm), suggests
that the carbon dot modification enhances the catalyst’s ability
to maintain active site accessibility and light absorption effi-
ciency even in the presence of competing dye molecules.

3.5.3 Evaluation of CR degradation under various condi-
tions. The photocatalytic performance of the synthesized TiO,-
based catalysts was systematically evaluated under different
experimental conditions, as summarized in Fig. 14. Control
experiments established important baseline measurements for
CR degradation mechanisms. Under visible light irradiation
alone (without any photocatalyst), only 5% degradation of CR
was observed after 120 minutes, confirming the dye’s remark-
able stability to direct photolysis under these conditions.

926 | Mater. Adv,, 2026, 7, 913-932
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Fig. 14 Comparative analysis of CR (10 ppm) degradation efficiency after
120 minutes under four experimental conditions: visible light only, HH
dye@TiO, in darkness, HHCDs@TiO, in darkness, and pure TiO, under
visible light at unadjusted pH.

To assess the adsorption capacity of the photocatalysts,
experiments were conducted in complete darkness using opti-
mal dosages of HH dye@TiO, and HHCDs@TiO, with 10 ppm
CR solutions. Both catalysts showed minimal activity, with
degradation efficiencies of just 6% and 8%, respectively, after
120 minutes, demonstrating that adsorption plays a negligible
role in the overall degradation process.

The performance of pure TiO, under visible light irradiation
resulted in 60% CR degradation, confirming that the TiO,
efficiency remains limited. The dark control experiment estab-
lishes that the observed dye removal is primarily due to photo-
catalytic degradation rather than adsorption.

3.5.4 Time analysis of photocatalytic degradation. The
kinetics of CR degradation were systematically investigated
using both modified photocatalysts under optimized condi-
tions: 60 mg HH dye@TiO, and 40 mg HHCDs@TiO, at pH
5.75 (unadjusted) with 10 ppm CR under visible light irradia-
tion. As shown in Fig. 15, both photocatalysts demonstrated
effective degradation capabilities, though with significantly
different kinetic profiles.

The HH dye@TiO, system achieved 98.6% degradation after
140 minutes, with the reaction kinetics showing substantial
slowing beyond 120 minutes (96.8% degradation). In striking
contrast, the HHCDs@TiO, nanocomposite exhibited markedly
faster degradation kinetics, reaching 97.1% efficiency in
80 minutes. The accompanying UV-vis spectra (Fig. 15 inset)
corroborate these temporal trends, showing progressive
diminution of the characteristic CR absorption peaks.

This dramatic enhancement in the photocatalytic perfor-
mance of the HHCDs@TiO, nanocomposite can be attributed
to the synergistic effects of an expanded visible light absorp-
tion range, improved charge carrier separation efficiency, and
an increased number of active surface sites."**™'®> The
HHCDs@TiO, composite degrades the CR dye in approximately
half the time required by the HH dye@TiO, composite. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Time evolution of CR degradation using HH dye@TiO, and HHCDs@TiO, under visible light irradiation, showing 96.8% degradation at 120 min
for HH dye@TiO, and 97.1% degradation at 80 min for HHCDs@TiO,. The insets display the corresponding UV-vis spectral changes documenting the

photocatalytic process.

accelerated kinetics underscores the significant advantage of
incorporating CDs into photocatalytic materials, which is par-
ticularly critical for time-sensitive wastewater treatment appli-
cations that demand rapid pollutant removal.

3.5.5 Effect of solution pH on photocatalytic efficiency. The
influence of solution pH on CR degradation efficiency was
systematically examined across a pH range from 4.17 to 8.7,
as illustrated in Fig. 16. All experiments were conducted under
controlled conditions: optimal catalyst dosages (60 mg HH
dye@TiO, and 40 mg HHCDs@TiO,), 120 minutes of visible
light irradiation, and 10 ppm CR concentration. The pH
adjustment was carefully performed using 0.1 M HCI and
0.1 M NaOH solutions.

The photocatalytic systems exhibited maximum efficiency
in strong acidic conditions (pH 4.17), achieving remarkable
degradation rates of 99% for HH dye@TiO, and 93.3% for
HHCDs@TiO, nano-composites. The enhanced performance of
dye-doped TiO, could be attributed to two reasons: (1)
the protonation of TiO, surface groups in acidic media
creates a positive surface charge that promotes electrostatic
attraction and subsequent adsorption of anionic CR molecules,
and (2) the abundance of H' ions facilitates the generation of
reactive oxygen species, thereby accelerating the degradation
process.'®117

As the pH increased towards alkaline conditions, we
observed a substantial decrease in degradation efficiency,
with minimum values of 12% (HH dye@TiO,) and 32.1%
(HHCDs@TiO,) at pH 8.7. This dramatic reduction results from
surface deprotonation of the photocatalysts, leading to negative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 pH-dependent photocatalytic degradation of the CR dye using
HHdye@TiO, and HHCDs@TiO, under visible light irradiation (initial dye
concentration: 10 ppm; optimal catalyst dosage; irradiation times: 120 min
for HH dye@TiO, and 80 min for HHCDs@TiO,, respectively).

surface charges that electrostatically repel the anionic dye
molecules. Meanwhile, a slight increase in degradation was
noted in the alkaline region, potentially due to hydroxyl radical-
mediated oxidation.''® This effect was relatively insignificant
compared to the dominant electrostatic interactions.

These findings demonstrate that the solution pH is a critical
parameter controlling photocatalytic efficiency, with acidic to
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near-neutral conditions (pH 4.17-7) proving most favorable for
anionic dye degradation. The superior performance of both
photocatalysts in acidic media underscores the importance of
surface charge characteristics and reactive species generation
in the photocatalytic mechanism.

3.5.6 Stability and reusability assessment of the photoca-
talysts. The long-term stability and reusability of photocatalysts
are critical parameters for practical wastewater treatment appli-
cations. To evaluate these characteristics, both HH dye@TiO,
and HHCDs@TiO, were subjected to five consecutive photo-
catalytic cycles under visible light irradiation while maintaining
identical experimental conditions for CR degradation.

As demonstrated in Fig. 17, both photocatalysts exhibited
excellent operational stability throughout the testing period.
HHCDs@TiO, showed particularly remarkable durability, with
only a minimal reduction in degradation efficiency from 99% to
97% after five cycles. Similarly, HH dye@TiO, maintained good
stability, with its efficiency decreasing modestly from 97% to
approximately 90% over the same number of cycles.

The slight decline in performance observed for both materi-
als can be attributed to several factors:''*'*® (1) inevitable
physical loss of the catalyst material during recovery and
washing processes between cycles, (2) potential accumul-
ation of degradation byproducts on active sites, and (3) possible
gradual structural changes in the photocatalysts with
repeated use. Notably, the superior retention of activity by
HHCDs@TiO, suggests that the carbon dot modification may
provide enhanced protection against these degradation
mechanisms.

These results confirm that both modified photocatalysts,
particularly the carbon dot-enhanced HHCDs@TiO,, possess
the durability required for sustainable water treatment applica-
tions. The maintained high performance over multiple cycles
indicates excellent potential for long-term use in practical
environmental remediation scenarios.

Bl HHCDs@TiO, at 80 minZZ] HH dye@TiO, at 120 min

100% 979 98% 96% 98% 97% 97%
SEERE ; 24 939
PR3 IINEY
o3 b33
80% - [
- P
® o/ | 3
g 60% 232
g b2
5 b2
3 :
S s
T 40% A
20%

0% -

Cycle 1

Cycle 2 Cycle 3 Cycle 4 Cycle 5

Fig. 17 Cyclic stability test of the HH dye@TiO, and HHCDs@TiO, photo-
catalysts for CR degradation over five consecutive uses under visible light
irradiation.
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3.6 Mechanistic insights into photocatalytic degradation
pathways

The photocatalytic degradation mechanism of Congo red was
systematically investigated through radical scavenging experi-
ments using both HH dye@TiO, and HHCDs@TiO, nanocom-
posites under visible light irradiation. Initial dark control
experiments confirmed the essential light dependence of the
process, with minimal degradation observed without illumina-
tion. To identify the active species responsible for dye degrada-
tion, we employed a series of specific scavengers targeting
different reactive oxygen species and charge carriers (Table 3).

The scavenging experiments revealed distinct patterns of
reactivity for each photocatalyst system. When the electron
scavenger (AgNO;) was introduced,'® the degradation effi-
ciency dropped significantly to 33% for HH dye@TiO, and
27% for HHCDs@TiO,, demonstrating the crucial role of
photogenerated electrons in both systems. The addition of a
hole scavenger (KI) caused more moderate reductions to 89.4%
and 89.0%, respectively, indicating that while holes contribute
to the process, their role is less dominant compared to elec-
trons. These results collectively establish that charge separation
and subsequent electron transfer represent key steps in the
photocatalytic mechanism.

The investigation of reactive oxygen species provided parti-
cularly valuable insights into the degradation pathways. The
dramatic suppression of degradation efficiency observed with
hydroxyl radical scavenger (vitamin C), reducing activity to just
4.1% for HH dye@TiO, and 15.6% for HHCDs@TiO,, unequi-
vocally identifies *OH as the predominant oxidative species.
This finding is complemented by the significant but less severe
inhibition observed with singlet oxygen scavenger (i-histidine),
which decreased degradation to 27.9% and 36.6%, respectively,
confirming a secondary role for 'O, in the process. In contrast,
the minimal effect of superoxide scavenger (p-benzoquinone)
suggests that *O,~ radicals contribute negligibly to the overall
degradation mechanism.

These experimental results support a proposed mechanism
where visible light excitation generates electron-hole pairs in
both photocatalyst systems. The photogenerated electrons par-
ticipate in limited oxygen reduction, while the holes either
directly oxidize dye molecules or react with surface hydroxyl

Table 3 A comprehensive quantitative summary of the scavenging
experiments, clearly demonstrating the relative contributions of different
reactive species in each photocatalyst system

Degradation (%) Degradation (%)

using HH using
Reactive dye@TiO, HHCDs®@TiO,
species Scavengers Equivalent at 120 min at 90 min
Standard 97 99
(no scavengers)
Dark Trace Trace
e AgNO; 2 33 27.5
h* KI 1 89.4 88.97
10, L-Histidine 1 27.9 36.6
*OH VvC 1 4.1 15.6
*0," p-Bq 1 Trace Trace
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Fig. 18 Proposed mechanistic pathways for CR degradation by modified
TiO, nanocomposites.

groups/water to produce highly reactive *OH radicals.'®® The
HHCDs@TiO, appears to facilitate a more balanced contribu-
tion from multiple reactive species (*OH, e, and '0,), explain-
ing its enhanced photocatalytic efficiency compared to HH
dye@TiO,, where *OH radicals dominate the oxidation process.
The superior performance of HHCDs@TiO, likely stems from
improved charge separation and additional reactive pathways
enabled by the carbon dot modification.

Fig. 18 illustrates the proposed mechanistic pathways,
beginning with light-induced excitation of electrons from the
valence band (VB) to the conduction band (CB) or mid-gap
states, generating electron-hole pairs. The photogenerated
electrons participate in limited oxygen reduction to form
*0,, while the holes either directly oxidize dye molecules or
react with surface-adsorbed water/hydroxyl groups to produce
*OH radicals. These reactive species, along with '0,, collectively
mediate the oxidative degradation of Congo red into CO,
and H,0. The photocatalytic degradation of CR is a complex
process that proceeds through the cleavage of the azo bonds,
generating intermediate organic compounds such as benzidine
derivatives, followed by further ring opening and eventual
mineralization to CO,, H,O, and inorganic ions.'**'** The
collective evidence from these experiments provides a robust
foundation for understanding the enhanced photocatalytic
behavior of these modified TiO, systems and their potential
applications in wastewater treatment.

4. Conclusion

In conclusion, this study successfully demonstrates the devel-
opment of sustainable TiO, nanocomposites modified with
hollyhock-derived natural dye (HH dye) and carbon dots
(HHCDs) for the efficient visible-light degradation of Congo
red (CR). Comprehensive characterization confirmed the suc-
cessful formation of the composites and their enhanced optoe-
lectronic properties. A critical finding was the significant
narrowing of the direct optical bandgap from 3.25 eV for pure
TiO, to 3.08 eV for HH dye@TiO, and further to 2.89 eV for
HHCDs@TiO,, which directly correlated with enhanced visible-
light absorption. Photocatalytic performance under visible light
revealed the superior activity of the HHCDs@TiO, composite,
which achieved 97.1% degradation of 10 ppm CR in just

© 2026 The Author(s). Published by the Royal Society of Chemistry
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80 minutes, outperforming the HH dye@TiO, composite that
required 120 minutes to reach 96.8% degradation.

Systematic optimization identified the optimal catalyst
dosage to be 0.06 g for HH dye@TiO, and a lower, more
efficient loading of 0.04 g for HHCDs@TiO,. The degradation
efficiency was highly dependent on solution pH, with strongly
acidic conditions (pH 4.17) proving most favorable, yielding
remarkable degradation rates of 99% and 93.3% for HH
dye@TiO, and HHCDs@TiO,, respectively. Furthermore, both
photocatalysts exhibited excellent operational stability, with the
HHCDs@TiO, nanocomposite showing exceptional reusability
by retaining over 97% of its initial efficiency after five con-
secutive cycles. Mechanistic investigations through scavenging
experiments unequivocally identified hydroxyl radicals as the
predominant oxidative species, with the carbon dot modifica-
tion in HHCDs@TiO, facilitating more effective charge
separation.

This work establishes a green protocol for valorizing holly-
hock floral waste into high-performance photocatalysts. The
direct comparison reveals that carbon dot modification offers
superior benefits over the natural dye alone, particularly in
enhancing reaction kinetics and charge separation. The
HHCDs@TiO, composite, with its rapid degradation kinetics,
high efficiency, and remarkable stability, emerges as a highly
promising and sustainable candidate for solar-driven waste-
water treatment, advancing the principles of a circular economy
and green chemistry.
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