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1. Introduction

Nanoflower-like ZnO-carbon quantum dot
heterostructures for solar-driven degradation of
methylene blue: a high-performance and
recyclable photocatalyst for sustainable
wastewater treatment

Hitesh Bansal,{ Palkaran Sethit and Soumen Basu (2 *

Developing robust, high-performance photocatalysts for environmental remediation remains a critical
scientific pursuit. This work successfully synthesized novel ZnO-carbon quantum dot (CQD) hetero-
structured nanocomposites with distinct nanoflower-like morphology by incorporating 5%, 10%, and 15%
CQDs onto ZnO surfaces. The strategic integration of CQDs not only enhanced solar light harvesting
and facilitated superior charge carrier separation, but also improved the recyclability and stability of the
composites, surpassing the limitations of conventional photocatalytic systems. Comprehensive
characterization using XRD, FTIR, XPS, BET, PL, UV-Vis-DRS, FE-SEM, EDS, and HR-TEM analyses
confirmed the synthesized composites’ high crystallinity, enlarged surface area, morphology, and light
response. Photocatalytic studies conducted under natural sunlight irradiation demonstrated an
impressive 97.7% degradation of methylene blue (MB) in merely 60 minutes, following pseudo-first-
order kinetics and achieving a rate constant of about 0.047 min™%, which is 5.7 times greater than that
of the benchmark TiO,—P25 catalyst. Systematic investigations of solution pH, photocatalyst dosage,
light sources, and radical scavenging further validated the robustness and versatility of the composite.
Impressively, the ZnO/CQD nanocomposite retained 85% of its photocatalytic efficiency after six conse-
cutive cycles, demonstrating exceptional reusability and operational stability. The photocatalytic degra-
dation pathway was determined using LC-MS analysis, showing notable decreases of 65% in TOC (total
organic carbon) and 58% in COD (chemical oxygen demand), which confirmed effective mineralization.
Given the persistence, toxicity, and carcinogenic potential of MB in aquatic ecosystems, this study
introduces a sustainable, scalable, and highly effective solar-driven photocatalyst. These outstanding
results position the ZnO/CQD nanocomposite as a leading candidate for next-generation wastewater
remediation technologies and offer a compelling advancement warranting publication in high-impact
scientific forums.

complexity, resistance to degradation, and toxicity.? Extensively
used in textiles, printing, leather, cosmetics, pharmaceuticals,

The rapid growth of global urban populations has significantly
escalated the demand for clean water, resulting in critical
shortages and emphasizing the urgent need to address water
scarcity challenges.! This crisis is further intensified by the
increasing contamination of freshwater resources with indus-
trial pollutants, including synthetic dyes, heavy metals, and
persistent organic compounds.”> Among these, synthetic dyes
pose a serious environmental threat due to their structural
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and food industries, these dyes can severely impact aquatic
ecosystems and human health even at low concentrations.
Methylene blue (MB), a widely used cationic dye in medical
and industrial applications, is known for its carcinogenicity,
mutagenicity, and persistence in water bodies.>” Its removal from
wastewater is imperative, yet conventional treatment methods—in-
cluding biological processes,® chemical oxidation,” adsorption,°
photocatalysis,"" and membrane-based physical separation'?
—often fall short due to high cost, incomplete degradation, and
secondary pollution. Photocatalysis, as a form of the advanced
oxidation process (AOP), has emerged as a promising alternative
due to its ability to completely mineralize organic contaminants
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under mild conditions."® This technique involves the generation of
reactive oxygen species (ROS) through light-activated semiconduc-
tors, which oxidize and break down complex organic molecules.

Several semiconductor materials—such as TiO,, Fe,O3, CdS,
ZnS, GaP, and P,Mo,g—have been extensively investigated for
photocatalytic applications.’*'® Among them, ZnO has gar-
nered significant attention due to its high electron mobility,
strong oxidizing potential, low cost, chemical stability, and
environmental compatibility.’”™'® Despite these advantages,
ZnO suffers from a wide band gap (~3.2 eV), which restricts
its activity to the UV region, and rapid recombination of
photoinduced charge carriers, both of which limit its overall
photocatalytic efficiency.>

To overcome these limitations, various strategies have been
employed, including element doping, surface modification,
and formation of heterojunctions. As a new class of carbon
nanomaterials, carbon quantum dots (CQDs), which exhibit
fluorescence, have also gained attention as co-catalysts in
photocatalysis due to their broad visible light absorption, high
photostability, upconversion photoluminescence and excellent
electron transfer properties.”’ When composited with ZnO,
CQDs can significantly enhance visible light responsiveness,
improve charge separation, and promote photocatalytic activity.
The synergistic interaction between ZnO and CQDs results in
efficient suppression of electron-hole recombination and facil-
itates prolonged charge carrier lifetimes.>

Several CQD-modified ZnO systems have been studied for
organic pollutant degradation. For example, lanthanum-doped
ZnO nanotubes showed effective MB degradation under sun-
light at pH 9 within 90 min.** Also, sulfur-doped ZnO films
degraded rhodamine B in 150 min under visible light with H,O0,
assistance.”* In another study, GO/ZnO composites doped with
Ag or Au exhibited improved photocatalytic degradation of MB,
although performance varied with metal dopants.>® Nitrogen-
doped CQDs from biomass demonstrated effective Malachite
Green degradation under sunlight,>® and ZnO/N,S-CQDs were
used for ciprofloxacin removal under simulated light but
showed reduced activity in real water samples.”” However, most
of these systems still face issues such as slow kinetics, limited
reusability, narrow pH ranges, or incomplete mineraliza-
tion—factors that restrict their practical applications.

To address these challenges, we developed a novel ZnO/CQD
heterostructured nanocomposite with a flower-like ZnO mor-
phology and varying CQD loadings (5%, 10%, and 15% by
weight). The nanoflower morphology of ZnO provides a sig-
nificant surface area and numerous active sites, whereas the
CQDs improve visible light absorption and facilitate interfacial
charge transfer. Its structural and optical properties were
extensively characterized using XRD, XPS, FTIR, BET, PL, UV-
vis DRS, FE-SEM, EDS, and HR-TEM. The photocatalytic per-
formance was evaluated for MB degradation under natural
sunlight, with investigations into catalyst dosage, pH, light
source, degradation kinetics, and scavenger effects. LC-MS
analysis was used to elucidate degradation intermediates, while
TOC and COD measurements confirmed mineralization. The
optimized ZnO/CQD composite showed rapid degradation,
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high reusability, and excellent solar-light-driven performance,
addressing the critical limitations of prior systems and offering
a scalable, sustainable solution for wastewater treatment.

2. Materials and reagents

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H,0) (98% AR), L-ascorbic
acid (99% extra pure), sodium hydroxide (NaOH) (97% extra
pure), and methylene blue powder were obtained from Loba
Chemie. The solutions were prepared using ultrapure double-
distilled water. Pure reagents were used without any further
purification.

2.2. Synthesis of zinc oxide nanoflowers

Zinc oxide (ZnO) nanoflowers were synthesized via a hydrother-
mal approach using Zn(NOj3),-6H,O as the precursor. Briefly,
4.46 g of Zn(NO;),-6H,0 was dissolved in 30 mL of deionized
water under continuous magnetic agitation for 30 minutes to
ensure complete dissolution. The solution’s pH was adjusted to
12 by the dropwise addition of 5 M sodium hydroxide (NaOH)
solution under constant stirring. The obtained homogeneous
mixture was placed in a 100 mL Teflon-lined stainless-steel
autoclave and subjected to heating at 125 °C for 2 hours in a
muffle furnace, adhering to a previously documented
procedure.”® Following natural cooling to room temperature,
the precipitate was collected through centrifugation at 6000 rpm
for 4 minutes. It was then thoroughly washed with deionized
water and ethanol multiple times to eliminate unreacted species,
and finally dried at ambient temperature. The obtained white
powder was designated as ZnO (Z) for further use.

2.3. Synthesis of CQDs

Carbon quantum dots (CQDs) were synthesized through a
hydrothermal method using r-ascorbic acid as a carbon source.
In this procedure, 2.0 g of r-ascorbic acid was carefully dis-
solved in 20 mL of deionized water while being subjected to
magnetic stirring. The resulting clear solution was placed in a
50 mL Teflon-lined stainless-steel autoclave and subjected to
heating at 180 °C for 8 hours in a muffle furnace, following the
previously published procedure.”® A light-yellow suspension
was obtained after the completion of the reaction. The suspen-
sion was filtered through standard filter paper, and the result-
ing light brown filtrate—containing the CQDs—was collected.
The solid residue remaining on the filter paper was discarded.
The obtained CQD solution was labeled as Q for subsequent
composite synthesis.

2.4. Synthesis of ZnO/CQD composites

To synthesize the ZnO/CQD nanocomposites, 950 mg of ZnO was
carefully dispersed in a beaker containing 10 mL of the CQD
solution. The solution was agitated for an extended period under
ambient conditions to promote consistent interaction between
ZnO and CQDs. After stirring, the suspension underwent cen-
trifugation, and the resulting precipitate was meticulously

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis scheme of the ZnO/CQD nanocomposite.

washed with deionized water and ethanol to eliminate any
residual impurities. The washed samples were subsequently
dried overnight in a hot air oven. The obtained composite was
designated as ZQ5, reflecting its CQD content. Similarly, other
nanocomposites, namely ZQ10 and ZQ15, were prepared by
varying the volume of CQD solution while keeping the ZnO
weight constant, corresponding to 10% and 15% CQD loadings,
respectively (Scheme 1).

3. Results and discussion

3.1. Characterization methods

A comprehensive array of analytical methods was utilized to
characterize the structural, morphological, optical, and compo-
sitional attributes of the synthesized nanocomposites. The UV-
visible absorption spectra were obtained using a Shimadzu
UV-2600 spectrophotometer, and the photoluminescence (PL)
spectra were measured using a Shimadzu RF-6000 spectro-
fluorometer. The surface morphology and particle dimensions
were analyzed using field emission scanning electron micro-
scopy (FE-SEM, JEOL), while the internal structure at the
nanoscale was further explored through high-resolution trans-
mission electron microscopy (HR-TEM, JEOL JEM-2100 Plus).
X-ray diffraction (XRD) was employed for the identification of
crystallinity and the structural analysis. The materials’ func-
tional groups were characterized by Fourier-transform infrared
(FTIR) spectroscopy using a Shimadzu IRTracer-100. Diffuse
reflectance UV-vis spectroscopy (UV-DRS) was conducted to
evaluate the optical band gap characteristics. The specific sur-
face area and pore size distribution were determined from
nitrogen adsorption-desorption isotherms employing the Bru-
nauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods with a Belsorp Mini II analyzer. The elemental com-
position and chemical bonding states were examined through
X-ray photoelectron spectroscopy (XPS) utilizing a Versa Probe
III system. Liquid chromatography-mass spectrometry (LC-MS)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was conducted using a Waters Micromass Q-Tof micro instru-
ment to identify degradation intermediates and clarify the
mechanism of photocatalytic degradation. Analyses of total
organic carbon (TOC) and chemical oxygen demand (COD)
were conducted to determine the extent of mineralization of
the dye and evaluate the effectiveness of the photocatalytic
process.

3.1.1. XPS analysis. Fig. 1 presents the XPS analysis of the
ZQ5 composite. As shown in Fig. 1(a), the survey spectrum
confirms the presence of zinc (Zn), oxygen (O), and carbon (C)
elements in the material. In Fig. 1(c), the Zn 2p spectrum
exhibits two prominent peaks at binding energies of 1044.42 eV
and 1021.30 eV, which correspond to Zn 2p,, and Zn 2ps,
respectively.

The high-resolution O 1s spectrum of the composite displays
two distinct peaks at 530.34 eV and 531.81 eV, which are
associated with Zn-O and C-O bonds, respectively. These
changes, in combination with FTIR results, suggest that the
carboxyl groups from CQDs react with the surface hydroxyl
groups on ZnO. This interaction probably results in a decrease
or the elimination of hydroxyl signals and the creation of new
C-O bonds, as illustrated in Fig. 1(b).

Additionally, the C 1s spectrum (Fig. 1(d)) of the CQD/ZnO
composite features a peak at 284.21 eV, linked to C-C bonds in
CQDs. Peaks at 285.78 eV and 288.55 eV are associated with
C-0 and C=C bonds, respectively. These spectral features
confirm that CQDs have been successfully incorporated into
the ZnO structure, forming a well-integrated composite.*°

3.1.2. X-Ray diffraction. The crystallinity of the synthesized
materials was examined using X-ray diffraction (XRD). The XRD
patterns of ZnO, CQDs, and the nanocomposites (ZQ5, ZQ10,
and ZQ15) are shown in Fig. 2(a). The diffraction pattern of ZnO
exhibited characteristic peaks at 260 values of 31.73° 34.50°,
36.22°, 47.50°, 56.90°, and 62.85°, which are indexed to the
(100), (002), (101), (102), (110), and (103) planes of hexagonal
wurtzite ZnO, in agreement with JCPDS card no. 36-1451.%%
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Fig. 1 (a) XPS full spectrum of ZQ5, (b) spectrum of O 1s, (c) spectrum of Zn 2p, and (d) spectrum of C 1s.

These sharp and well-defined peaks confirmed its high crystal-
linity and phase purity. In contrast, CQDs showed a broad
diffraction peak centered around 26 ~ 21.02°, consistent with
the amorphous carbon phase reported in previous studies.>®
Upon compositing, the diffraction patterns of the ZQ5, ZQ10,
and ZQ15 samples retained the characteristic peaks of ZnO
with little significant shift in peak positions, suggesting that
the crystalline framework of ZnO was preserved. No distinct
diffraction peaks corresponding to CQDs were observed in the
composites, which may be attributed to their low content and
predominantly amorphous nature.*' These results indicate that
the incorporation of CQDs did not alter the crystal structure of
ZnO, but rather formed a surface-bound heterojunction.

3.1.3. Fourier transform infrared spectroscopy. FTIR
spectroscopy was utilized to investigate the surface functional-
ities and chemical bonding of the pristine materials and their
composites. Spectra were recorded across the range of 4000-
400 cm™', as illustrated in Fig. 2(b). The spectrum of ZnO
displayed a broad band near 3475 cm™ ', which corresponds to
O-H stretching vibrations, typically arising from adsorbed
water or hydroxyl groups. A peak at 2962 cm ™" was linked to
C-H stretching, whereas the feature at 1633 cm ™' suggested
C=0O0 stretching associated with carbonyl groups. The bending
vibrations of interstitial water molecules were evident at
752 cm !, alongside a deformation band near 644 cm .
Additionally, vibrational signatures associated with carbonate
ions (CO5>") were identified at 1507, 1382, and 845 cm™". A
peak at 1560 cm ™" further confirmed the presence of symmetric
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C=0O0 stretching vibrations.>® CQDs exhibited a broad absorp-
tion region between 3135 and 3576 cm™*, characteristic of O-H
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Fig. 2 (a) XRD spectra, (b) FTIR spectra, (c) UV-vis DRS spectra, and (d)
Tauc's plot for ZnO, CQDs, ZQ5, ZQ10, and ZQ15.
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and carboxyl groups. An absorption band at 1588 cm™
assigned to N-H bending, supported by a minor peak at
2351 ecm™ ', which further suggested the presence of amine-
related functionalities. The C-O stretching vibration was
observed at 1167 cm™ ', confirming the oxygenated surface
nature of CQDs.>® The FTIR spectra of the nanocomposites
(zQ5, ZQ10, and ZQ15) retained the key functional group
signatures of both ZnO and CQDs, though slight shifts in peak
positions were observed. These spectral changes imply success-
ful surface interactions between ZnO and CQDs, confirming the
formation of a hybrid composite without disrupting the core
structure of either component.

3.1.4. UV-visible DRS. The optical absorption properties of
the materials were investigated using UV-vis diffuse reflectance
spectroscopy (UV-DRS) to evaluate their ability to harness solar
energy, an essential factor for photocatalytic activity. As pre-
sented in Fig. 2(c), ZnO exhibited strong absorption in the
ultraviolet region (250-400 nm), with a sharp cut-off indicating
its wide band gap nature. In contrast, CQDs displayed broader
absorption features extending into the visible range.

Upon compositing, ZQ5, ZQ10, and ZQ15 hybrids demon-
strated a noticeable enhancement in visible light absorption
compared to bare ZnO. This red-shift in absorption is attrib-
uted to the sensitizing role of CQDs, which improve the photon
capture capability of the system and extend its optical response
beyond the UV region. Additionally, a visible change in material
color—from white for pure ZnO to a progressively darker shade
in the composites—further supports the successful integration
of CQDs and the corresponding increase in visible-light har-
vesting capacity.

To determine the optical band gap, Tauc’s relation was used
as follows:

(chv)'" = A(hv — Ey) (1)

In the above expression, hv represents the energy of the
incident photon, « denotes the absorption coefficient, A is a
proportionality constant, and n is equal to 1/2 for direct
electronic transitions. The Tauc plots of (whv)'* versus hv,
shown in Fig. 2(d), allowed the estimation of band gap energies
for the synthesized samples. The determined E, (optical band)
values were 3.10 eV for ZnO, 2.95 eV for CQDs, 2.93 eV for ZQ5,
3.07 eV for ZQ10, and 3.05 eV for ZQ15. The slight narrowing of
the band gap in the composites highlights the role of CQDs
in enhancing the optical absorption and tuning the electronic
properties of ZnO toward improved visible-light-driven photo-
catalysis.

3.1.5. Photoluminescence (PL) analysis. Photolumines-
cence (PL) spectroscopy was utilized to examine the recombina-
tion behavior of photogenerated electron-hole pairs in both the
pristine materials and the nanocomposites. The PL spectra of
ZnO, CQDs, ZQ5, ZQ10, and ZQ15 were recorded at an excita-
tion wavelength of 325 nm, as shown in Fig. S1. A high PL
intensity typically reflects rapid charge carrier recombination,
which adversely affects photocatalytic efficiency, whereas a
lower PL intensity suggests improved charge separation and
longer carrier lifetimes. ZnO exhibited the highest PL intensity,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

indicating a significant rate of electron-hole recombination.
CQDs also showed emission in the same region but with
comparatively lower intensity. Upon the incorporation of CQDs
into ZnO, a marked reduction in PL intensity was observed for
all nanocomposites, confirming the role of CQDs in suppres-
sing charge recombination. Among the composites, ZQ5 dis-
played the lowest PL intensity, implying the most efficient
electron-hole separation and interfacial charge transfer. In
contrast, ZQ10 and ZQ15 exhibited slightly higher intensities,
indicating that excessive CQD loading may reduce the inter-
facial contact or introduce recombination centres. The trend
suggests that a 5% CQD loading in ZQ5 provides an optimal
balance between light absorption, electron transport, and het-
erojunction formation. The reduced PL intensities confirm the
enhanced separation and migration of photogenerated charge
carriers in the composites, contributing to their superior
photocatalytic activity under solar irradiation.

3.1.6. Field emission scanning electron microscopy. Field
emission scanning electron microscopy (FE-SEM) was utilized
to examine the surface morphology of both the bare samples
and the composites, with representative images presented in
Fig. 3(a)-(c). ZnO revealed a well-defined nanoflower-like
morphology,?® offering a high surface area favourable for
photocatalysis. Although the CQDs are expected to possess a
spherical morphology, their nanoscale dimensions made them
difficult to distinguish clearly in FE-SEM images. Consequently,
HR-TEM was used for further visualization. In the ZQ5 compo-
site, the CQDs were visibly anchored onto the surface of the
ZnO nanoflowers, indicating the successful formation of the
ZnO/CQD heterojunction. This architecture promotes multiple
active sites and facilitates efficient light absorption and charge
separation, enhancing photocatalytic degradation perfor-
mance. The ZQ5 composite was subjected to elemental analysis
through energy-dispersive X-ray spectroscopy (EDS), as illu-
strated in Fig. 3(i). The results confirmed the presence of Zn,
O, C, and N (as an impurity) elements in the sample, verifying
the coexistence of ZnO and CQDs in the composite. Addition-
ally, elemental mapping images (Fig. 3(d)—-(g)) demonstrated
the uniform distribution of all constituent elements across the
composite surface. This homogeneity is crucial for consistent
charge transport and reactivity, supporting the superior photo-
catalytic activity observed in ZQ5.

3.1.7. High-resolution transmission electron microscopy.
High-resolution transmission electron microscopy (HR-TEM)
was utilized to gain deeper insight into the nanoscale morphol-
ogy and lattice structure of the ZQ5 nanocomposite. As shown
in Fig. 3(h) and (j), the CQDs appear well-dispersed on the
surface of the ZnO nanoflowers, further confirming the for-
mation of a well-integrated heterojunction. The layered inter-
face and intimate contact between CQDs and ZnO are visible,
supporting the effective coupling between the two components.
The interplanar spacing (d-spacing) values obtained from the
HR-TEM images correspond well with the diffraction planes
observed in the XRD analysis, including the (002), (101), and
(102) planes. These spacing values confirm the crystalline
integrity of ZnO and the structural presence of CQDs in the

Mater. Adv., 2025, 6, 7585-7598 | 7589
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composite, thereby reinforcing the conclusions drawn from the

XRD data.

3.1.8. Surface properties. The textural properties of the
generated nanocomposites were assessed by measuring their

Fig. 4

7590

Volume adsorbed (cm3/g)

—s—ZQ1 5I '
. ,

.—------I.‘.‘ u

—=—2ZQ1 OI

3 &
--I------I"'.
L

—=— ZQSI

H'ﬁ:ﬁ 11\-‘:-.

mmmenassnneTt

—=—Zn0
u f

: &

—-l-l""l'

0.5
Relative Pressure (p/pg)

0.0

(a) BET and (b) BJH plots of ZnO, ZQ5, ZQ10, and ZQ15.

| Mater. Adv., 2025, 6, 7585-7598

1.0

specific surface area. Fig. 4(a) displays the nitrogen adsorption-
desorption isotherms, which clearly show type IV Langmuir
behavior and H1 hysteresis loops. These loops are present in
both the composite materials and their individual constituents,
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indicating mesoporous structures with well-organized pore
networks. As shown in Fig. 4(b), the Barrett-Joyner-Halenda
(BJH) plots were used to determine the pore size distribution of
ZnO, 7ZQ5, ZQ10, and ZQ15. A comparison of the surface area
and pore volume is given in Table 1. The average pore size of
ZQ5 among the other nanocomposites has the highest value,
which shows maximum photocatalytic degradation. Among the
composites, ZQ5 exhibits the highest photocatalytic perfor-
mance. Although the incorporation of CQDs may partially block
some active sites, it simultaneously enhances the overall
adsorption capacity of the material and facilitates charge
transfer, thereby providing a higher density of accessible reac-
tive sites for catalytic reactions. This synergistic effect explains
the superior photocatalytic activity of ZQ5 compared to the
other composites.*?

3.2. Photocatalytic activity

By tracking the methylene blue (MB) degradation under natural
sunlight in Patiala, India, which has a subtropical climate, the
ZQ5 nanocomposite’s photocatalytic effectiveness was assessed
(Thapar Institute of Engineering & Technology). The average
sun irradiation during the experiments was measured using a
LICOR pyranometer to be 850 W m™>. For comparative light
source studies, visible-light irradiation from a 45 W compact
fluorescent lamp (Philips) was used and UV light exposure was
achieved using a 100 W mercury lamp.

Photocatalytic experiments were conducted using a 10 mL
aqueous solution of MB (10 ppm), where the catalyst dosage
was maintained at 0.1 g L™ ". To achieve adsorption-desorption
equilibrium, the suspensions were stirred for 60 minutes in the
dark before irradiation. The degradation process was then
initiated under natural sunlight and continued for an addi-
tional 60 minutes. Absorbance measurements were taken at
regular intervals using a UV-vis spectrophotometer, with the
MB /max identified at 660 nm. All degradation studies were
conducted in triplicate, and the results were illustrated with
error bars indicating a 5% margin to ensure reproducibility.

Photocatalytic degradation efficiency was calculated using
the equation:

Ay — A,
0

%Degradation = x 100 (2)

where A, denotes the initial absorbance value of MB and A;
denotes the absorbance value of MB at time ¢, respectively.
Among all tested photocatalysts, ZQ5 showed the highest
degradation efficiency of 97.2% within 60 minutes of solar
exposure (Fig. 5(a)). The kinetic behavior of the photocatalytic

Table 1 Surface properties of the synthesized photocatalysts

Surface area Average pore Total pore volume

Catalyst (m*g™) size (nm) (em® g™
ZnO 12.469 14.303 0.044
ZQ5 11.353 12.689 0.036
ZQ10 8.9343 12.031 0.0269
ZQ15 14.582 10.761 0.0369

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction was further analyzed using a pseudo-first-order
kinetic model:

c
lna) = —kt (3)

where C, and C are the initial and time-dependent concentra-
tions of MB, respectively, and k is the apparent rate constant
(Fig. S2). Based on this model, ZQ5 demonstrated a signifi-
cantly higher reaction rate constant of 0.047 min ", outper-
forming ZnO (0.015 min~'), CQDs (0.0092 min~'), ZQ10
(0.019 min™"), ZQ15 (0.017 min~'), and commercial TiO,
(P25) (0.0082 min ). These results underscore the enhanced
photocatalytic activity of the optimized ZQ5 composition.

The synergy factor (R) was determined using the following
equation:

e @
K7 + KQ

which quantifies the synergistic interaction between ZnO and
CQDs in their composites. The ZQ5 composite exhibited the
highest synergy factor among all tested samples, highlighting
the superior cooperative effect between ZnO and CQDs. The
combination not only improved charge separation and light
absorption but also led to significantly faster degradation
kinetics. A comparative summary of the calculated rate con-
stants and synergy factors is provided in Table 2.

3.2.1. Effect of light sources. Under constant experimental
settings, the ZQ5 nanocomposite was tested in ultraviolet (UV),
visible, and natural sunlight to assess the impact of the
irradiation type on photocatalytic efficiency. As illustrated in
Fig. 5(b), the degradation of methylene blue (MB) varied
significantly with the light source. Under UV illumination, a
degradation efficiency of 62.1% was observed, while visible
light exposure resulted in a lower efficiency of 38.8%. In
contrast, the highest degradation performance (89.2%) was
achieved under natural sunlight irradiation. These results
underscore the superior efficacy of the ZQ5 photocatalyst when
operated under solar light, likely due to the broader spectral
intensity and photon flux offered by natural sunlight. The
enhanced activity under solar exposure confirms the suitability
of ZQ5 for real-world, energy-efficient water treatment applica-
tions, where ambient sunlight can be harnessed as a sustain-
able and cost-effective energy source.

3.2.2. Effect of catalyst concentration. The influence of
photocatalyst dosage on methylene blue (MB) degradation
was systematically evaluated using the ZQ5 composite at con-
centrations ranging from 0.1 g L™ " up to 0.6 g L™ ' under natural
sunlight. As shown in Fig. 5(f), the degradation efficiency
remained relatively stable across the tested concentration
range, with no significant enhancement observed beyond the
lowest dosage. Within 60 minutes, the ZQ5 photocatalyst
demonstrated an amazing 97% degradation of MB at a concen-
tration of 0.1 g L™". Increasing the catalyst concentration did
notyield further improvement in performance, likely due to the
saturation of active sites or increased light scattering at higher
dosages, which can hinder effective photon penetration. Based
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Table 2 Synergy factors and rate constants (k) for MB degradation

Material Rate constant (min~") Synergy factor (R)
TiO,-P25 0.0082 —

ZnO 0.015 —

CQDs 0.0092 —

ZQ5 0.047 2.02

ZQ10 0.019 0.81

7ZQ15 0.017 0.73

on these findings, 0.1 g L™ " was identified as the optimal dosage
and employed in all subsequent photocatalytic experiments.

3.2.3. Effect of solution pH. The pH of the dye solution is
essential to determine photocatalytic performance, since it
affects both the surface charge of the catalyst and the ionization
state of the dye molecules.*® Fig. 5(c) shows that the degradation
efficiency of methylene blue (MB) improved markedly as the pH
increased from acidic to alkaline conditions, achieving over 95%
removal efficiency in the pH range of 8-12. This enhancement is
primarily attributed to the surface charge behavior of the photo-
catalyst, governed by its point of zero charge (pzc), determined to
be 7.8 (Fig. 5(d)). At pH values above the pzc, the ZQ5 surface
acquires a net negative charge, which promotes electrostatic
attraction toward the positively charged MB dye molecules. This
enhanced adsorption facilitates more efficient charge transfer
and accelerates the generation of reactive oxygen species, parti-
cularly hydroxyl radicals (*OH), through increased interaction
with OH™ ions in the alkaline medium. Thus, under basic
conditions (pH > 7.8), two key factors—improved dye adsorp-
tion due to favorable electrostatics and enhanced radical for-
mation—synergistically contribute to the elevated photocatalytic
degradation efficiency observed.

7592 | Mater. Adv., 2025, 6, 7585-7598

3.2.4. Scavenger effect and a potential charge transfer
pathway. To elucidate the primary reactive species involved in
the photocatalytic degradation of MB by the ZQ5 nanocompo-
site, radical scavenger experiments were conducted using spe-
cific quenching agents. These agents were employed to
selectively inhibit different reactive species: isopropyl alcohol
(IPA) for hydroxyl radicals (*OH), dimethyl sulfoxide (DMSO) for
electrons (e™), benzoquinone (BQ) for superoxide radicals (0,° ),
and methanol for photogenerated holes (h*).** Fig. 5(e) illus-
trates the outcomes of the trapping trials. Without any scaven-
ger, the ZQ5 system attained a maximum MB degradation
efficiency of 97.7%. However, upon the addition of scavengers,
a marked reduction in photocatalytic activity was observed,
indicating a significant role of multiple reactive species in the
degradation process. Methanol as a scavenger caused the most
reduction in photocatalytic activity, indicating that photogener-
ated holes (h*) contributor mainly to the degradation process.
The impact of DMSO and IPA, although moderate, also con-
firmed the involvement of *OH radicals and electrons in the
degradation pathway. The reduction in activity in the presence of
BQ pointed to the participation of O,*" radicals, which are
known to react with BQ to form hydroquinone intermediates.>®
The electron-donating and hydrogen-bonding characteristics of
DMSO further support its role in neutralizing hydroxyl radicals
and mediating electron transfer.>® Taken together, these find-
ings confirm that holes (h*) are the primary oxidative species,
while superoxide and hydroxyl radicals, along with photogener-
ated electrons, also contribute to the photocatalytic breakdown
of MB. The interplay between these species facilitates efficient
dye degradation through both oxidative and reductive pathways,
highlighting the strong photocatalytic potential of the ZQ5
heterostructure (Scheme 2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed mechanism for the photocatalytic degradation of MB.

ZnO/CQD + hv — e~ + h" (5)

e g+ 0, > 0,0 (6)

0,*” + H,0 — OH* + HOO® )

h'yg + OH™ — OH"® (8)

OH*/h" + pollutant — degraded products 9)

3.2.5. Reusability studies. Beyond its catalytic activity,
assessing the durability of a photocatalyst is essential for real-
world applications. To evaluate the repeatability and photo-
stability of the ZQ5 photocatalyst, multiple recycling experi-
ments were conducted. These tests focused on examining the
photodegradation of MB under identical experimental condi-
tions, with the catalyst undergoing repeated cycles of photo-
chemical reactions. After each cycle, the catalyst was recovered
through centrifugation, thoroughly washed, and dried before
being reused. As illustrated in Fig. 6(a), the degradation effi-
ciency remained at 85% even after six consecutive cycles,
indicating that ZQ5 is a reusable catalyst. The observed decline
in efficiency from 97.7% to 85% could be attributed to the
inevitable loss of the catalyst during the recovery process.
Additionally, some residual intermediates adhered to the cata-
lyst’s surface over successive cycles, potentially blocking active
sites and reducing performance. To further assess its structural
stability, the ZQ5 sample was analyzed using XRD after six
cycles (Fig. 6(c)). The XRD pattern confirmed that the crystal
structure remained intact, with no significant shifts in the
positions or intensities of the diffraction peaks, nor the appear-
ance of any new peaks. Furthermore, FE-SEM analysis
(Fig. 6(d)) verified that the composite’s morphology remained
unchanged throughout the degradation process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The findings underscore the impressive stability and regen-
erative capability of the ZQ5 nanocomposite, positioning it as a
highly promising photocatalyst for a range of photocatalytic
applications moving forward.

3.2.6. Mineralization studies. The mineralization capabil-
ity of ZQ5 was assessed using titrimetric methods to quantify
TOC and COD. The respective values were calculated using
eqn (10) and (11), with pure water serving as the reference
standard.

TOC; — TOCy o

%TOC = ToC,

100 (10)

COD; — CODy¢ o

%COD = o

100 (11)
In these analyses, COD; and CODx refer to the initial and final
COD values, while TOC; and TOC; represent the corresponding
TOC readings. Initially, the high values of TOC and COD
indicated that the pollutant MB was rich in organic constitu-
ents. After 60 minutes of solar irradiation, MB showed a TOC
reduction of 65% and a COD decrease of 58%. The relatively
modest decrease in TOC, even with significant degradation
observed, can be explained by the generation of intermediate
organic compounds throughout the degradation process.®”
These intermediates are essential in the complete conversion
of MB into CO, and simpler products. Due to ethical con-
straints, real pharmaceutical or medical wastewater samples
could not be used in this study. Nevertheless, as shown in
Fig. 6(b), the test solutions approached near-complete miner-
alization, and the remaining intermediates demonstrated lim-
ited potential for further mineralization.

3.2.7. Comparison of photocatalysts. Table 3 presents a
comparison of the degradation performance of the synthesized
ZQ5 with other MB-removing photocatalysts reported in the
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Table 3 Comparative analysis of several photocatalysts for MB photocatalytic degradation

Concentration Catalyst concentration Reaction time Degradation
Catalyst of MB in ppm ingL™' in min Light source efficiency (%) Ref.
ZnS/Cds 10 0.1 360 Visible light 73 38
WO,/TiO, 10 0.5 120 Visible light 27 39
BiVO,/EDTA 5 1 300 Sunlight 90.88 40
(Yb,N)-TiO, 10 3 300 Visible light 93.55 41
TiO,/polyaniline 10 2.5 200 UV light 73 42
ZnO/CQD 10 0.1 60 Sunlight 97.7 Present
work

literature. The ZQ5 nanocomposite exhibits superior photoca-
talytic performance to previously reported systems, achieving
high degradation efficiency at lower catalyst dosages. This
underscores its potential as a highly effective and scalable
photocatalyst for environmental applications.

3.2.8. LC-MS. The LC-MS study revealed several mechan-
isms through which MB degradation occurs (Fig. S3). Before
full mineralization occurs, MB (m/z = 284) undergoes hydro-
xylation and demethylation in pathway 1, creating intermedi-
ates at m/z = 318, 340, and 396 that further fragment into
smaller pieces like m/z = 109 and 130.** Driven by hydroxyl
radicals that encourage ring opening and molecular cleavage,
pathway 2 uses hydrodynamic cavitation to create polyhydroxy-
lated products at m/z = 350 and 366.** One of the two routes
described in pathways 3 and 4 converts MB to m/z = 215, then to

7594 | Mater. Adv., 2025, 6, 7585-7598

m/z =158, and finally to m/z = 74. The other route follows m/z =
136, 137, and 109 before arriving at the same terminal product
at mj/z 74, indicating complete ring destruction and
demethylation.*® These results highlight the crucial role of
hydroxyl radicals in breaking down MB into less complex, safe
substances (Scheme 3).

4. Conclusion

Using a hydrothermal method, a number of ZnO-CQD hetero-
junction photocatalysts with different molar ratios were effec-
tively synthesized. Comprehensive characterization through XRD,
FE-SEM, EDS, XPS, UV-DRS, BET, and HR-TEM confirmed the
successful formation of a well-integrated heterostructure, where

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00804b

Open Access Article. Published on 29 September 2025. Downloaded on 3/6/2026 10:11:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

>N
|
h

N

Qe
s¥ N
cr |

N

N
L
$ N

View Article Online

Paper

m/z=319

I\

I| m/z=284

OH OH

OH

]

NH2

oo

Ay

NH2
£

| 7 ~0 b
m/z=136
m/z=318 m/z=350 m/z=215 l
OH ' OH
"“ ok CL L
N 0 HO N OH D XTI
o] ~—N s N m/z=158 [ m/z=137
m/z=340 N7 | oH OH |
OH o
- HO
m/z= 366 \)L
(o] OH OH OH
NH —
~N /]
N S0 Path-2
| o) (o)
Path-3
m/2=396 ¢ Path-4

m/z= 264

m/z=109

Path-1

Scheme 3 Potential photocatalytic reaction route for MB degradation using the ZQ5 photocatalyst.

smaller CQDs were effectively deposited on larger ZnO nano-
flowers. The photocatalytic activities of the synthesized samples
were evaluated under natural sunlight using MB as a model
pollutant. Among the composites, ZQ5 exhibited the most out-
standing photocatalytic activity, with an apparent first-order rate
constant (pseudo-first-order rate constant) of 0.047 min ', which
was 5.7 times higher than that of TiO,-P25 (0.0082 min %), 3.1
times higher than that of ZnO (0.015 min™"), 5.1 times higher
than that of CQDs (0.0092 min "), 2.5 times higher than that of
ZQ10 (0.019 min~"), and 2.8 times higher than that of ZQ15

© 2025 The Author(s). Published by the Royal Society of Chemistry

(0.017 min~"). This remarkable enhancement is primarily attrib-
uted to the composite’s improved charge separation, reduced
recombination rate, and suitable band gap, as evidenced by PL,
BET, and UV-DRS studies. Additional investigations—including
catalyst dosage, pH influence, light source variation, scavenger
analysis, and reusability—demonstrated the composite’s robust-
ness under varied conditions. Trapping experiments further
confirmed that superoxide radicals (O, ) and electrons (e~) were
the main active species responsible for MB degradation. The ZQ5
catalyst also exhibited excellent reusability, maintaining high

Mater. Adv., 2025, 6, 7585-7598 | 7595
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photocatalytic efficiency over six consecutive cycles. Post-
degradation XRD and FE-SEM analyses confirmed structural
stability, with no significant changes in crystallinity or morphol-
ogy. The degradation mechanism was further elucidated by LC-
MS analysis, which identified intermediate products, validating
successful mineralization of the dye. In addition, the ZQ5
photocatalyst demonstrated superior removal efficiencies of
COD (58%) and TOC (65%) when compared to conventional
physicochemical methods, emphasizing its practical potential in
wastewater treatment. In summary, the ZQ5 nanocomposite
stands out as a highly effective, reusable, and eco-friendly
photocatalyst for solar-driven degradation of organic pollutants.
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