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ARTICLE INFO ABSTRACT

Keywords: Carbon quantum dots (CQDs) are promising cocatalysts in Fenton-like technologies, leveraging hydrogen
Fenton-like C‘atalySis . peroxide and boosting Fe? * generation and thereby expediting the advanced oxidation process. Although several
Electrochemical preparation studies have shown that the preparation affects the cocatalytic performance of the resulting CQDs, the precise

Functional group regulation

. correlation between the preparation and the cocatalytic efficiency is unclear. Here, we combine the batch ex-
DFT calculation

periments with the theoretical calculations to systematically explore how the parameters in electrochemical
exfoliation preparation affect the cocatalytic performance of the as-prepared CQDs. The results show that
adjusting parameters like voltage, electrolyte concentration, and electrolysis duration can precisely regulate the
surface functional groups of CQDs, which in turn affects the cocatalytic performance. A linear positive corre-
lation is identified between the surface carboxyl content and the pseudo-first-order rate constant (kops) in Fenton-
like reactions, with the highest carboxyl content (18.26 mmol/g) found in C@C3-30V-24H that induces the
optimum catalytic performance to the C@C3-30V-24H-Fe>t/H,0, system for phenol removal (97.75 % versus
21.17 % in Fe>*/H,0, system at pH 3). DFT calculations reveal that phenolic compounds with electron-donating
groups are more readily oxidized and that those with lower LUMO levels demonstrate higher kops. This study
underscores the crucial role of CQDs preparation on their cocatalytic performance in Fenton-like reactions.
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1. Introduction

The water crisis due to pollution has gradually escalated into a severe
global environmental issue in the context of global climate changes [31].
In particular, industrial wastewater from sectors such as petrochemical,
pharmaceutical, and paper manufacturing contains significant levels of
phenolic pollutants, including phenol, hydroquinone, and p-nitro-
phenol. These phenolic pollutants pose substantial threats to both the
environment and public health due to their high toxicity, structural
stability, and resistance to degradation, making their control a priority
in water pollution management [25,53,58]. Traditional biochemical and
physical methods like adsorption [20], coagulation-precipitation [64],
and membrane separation [43] are feasible in some scenarios but often
suffer from inefficient removing high concentrations of phenolic pol-
lutants. As efficient advanced oxidation processes, Fenton and
Fenton-like technologies have gained extensive attention in the field of
wastewater treatment due to their superior cleanup capabilities, low
operational costs, and environmental friendliness [57].

The Fenton reaction can generate hydroxyl radicals (¢OH) through
the reaction of Fe?*and H,0,, which is featured by a high redox po-
tential (2.7 V) and can decompose organic pollutants rapidly [4]. The
practical application of the Fenton reaction, however, usually has
several limitations, such as low utilization rate of hydrogen peroxide,
slow reduction rate of Fe>* to Fe?*, loss of iron ions, and formation of
iron sludge [5,32]. To address these issues, cocatalysts like semi-
conductors [16], metal-organic frameworks (MOFs) [52], carbon
nanotubes [24], and metal sulfides [59] have been applied effectively.
These cocatalysts can enhance Fenton and Fenton-like reactions by
improving electron transfer efficiency or providing additional active
sites. Additionally, coupled systems such as photo-Fenton [8],
electro-Fenton [9], and microwave-Fenton [48] have also been intro-
duced to further boost reaction efficiency. Nonetheless, these methods
may encounter issues such as the leaching and loss of active metals, low
mass transfer efficiency, and high operation costs [13,28,39].

Carbon quantum dots (CQDs) are emerging zero-dimensional car-
bon-based nanomaterials, consisting of carbon cores of a few nanome-
ters in size and shells decorated with functional groups, e.g., carbonyl
and carboxyl [23,50]. Due to their excellent hydrophilicity, high oxygen
content, and favorable electron transfer properties, CQDs are widely
used as bioimaging agents [29], light-emitting diodes [51], and photo-
voltaic devices [7]. Recently, CQDs have been introduced as cocatalysts
in Fenton-like reactions, showing promising potential due to their low
toxicity, ease of surface functionalization, and lower cost compared to
traditional cocatalysts [55,56,61]. Of various preparation methods for
CQDs, electrochemical exfoliation represents a "top-down" approach
and is simple and high-yielding for synthesizing CQDs. For instance,
[65]) successfully synthesized CQDs in an electrolyte (pH = 5) at a cell
voltage of 30 V by using two high-purity graphite rods as anodes and
cathodes, respectively. More recently, Li et al. [35] have explored the
effectiveness of hydroxyl radicals (¢OH) that were generated on the
cathode surface during the electrolysis of HoO, to facilitate the exfoli-
ation of graphite rods. By using a cell voltage of 30 V for 48 h in an
electrolyte solution containing 5 mmol/L Hy0,, they successfully syn-
thesized carboxyl-functionalized carbon quantum dots (CQD@5) with a
carboxyl content of 22.66 mmol/g, which has demonstrated the opti-
mum cocatalytic performance in Fenton-like reactions.

Given the exceptional performance of CQDs in Fenton-like reactions,
it would be promising to further optimize the microstructure of CQDs by
regulating the preparation parameters, such as cell voltage, electrolyte
concentration, and electrolysis time. These parameters not only directly
influence the preparation efficiency of CQDs but also significantly
regulate their size distribution, morphological characteristics, and the
types and quantities of surface oxygen-containing functional groups
[47]. To date, although several studies have shown that the preparation
affects the cocatalytic performance of the resulting CQDs [35,47], the
precise correlation between the preparation and the cocatalytic
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efficiency is poorly understood.

To this end, this study aims to explore the correlation between the
preparation of electrochemical exfoliation and the cocatalytic perfor-
mance of the as-synthesized CQDs in Fenton-like reactions of phenolic
pollutant decomposition. The yield, morphology, and carboxyl content
of the CQDs were precisely controlled by adjusting variables such as
voltage, electrolyte concentration, and electrolysis duration. Compre-
hensive analyses using TEM, XPS, and Zeta potential characterization
were conducted. The synthesized CQDs were then evaluated as co-
catalysts in the Fe>*/H,0, system for degradation of phenol over the pH
range of 3 — 8. Additionally, the impact of Fe3*, CQDs, and H;0, on
phenol degradation was explored, alongside the reusability and versa-
tility of CQDs within the reaction matrix. Besides, electron paramagnetic
resonance (EPR) and radical scavenging experiments were performed to
identify the active species responsible for pollutant removal. DFT cal-
culations were employed to analyze the relationship between pollutant
degradation performance and their properties. This research not only
optimized CQDs preparation but also broadened their application po-
tential in Fenton-like systems, offering a promising approach for water
purification.

2. Materials and methods
2.1. Materials

Graphite rods (99.99 %) were purchased from Beijing Jinglong
Special Carbon Technology Co., Ltd. Ferric chloride hexahydrate (FeCls:
6 H,0), hydrogen peroxide (H>O2, 30 %), hydroquinone (P-OH), phenol
(P), Dbisphenol A (BPA), para-chlorophenol (P-Cl), para-
hydroxybenzaldehyde (P-CHO), para-nitrophenol (P-NO), tertbutyl
alcohol (TBA), 2,2,6,6-tetramethyl-4-piperidinyloxy (TEMPOL), furfuryl
alcohol (FFA) , dimethyl sulfoxide (DMSO) , 2,2,6,6-Tetramethyl-1-
piperidinyloxy (TEMP), 5,5-Dimethyl-1-pyrroline N-oxide (DMPQO) and
1,10-phenanthroline of analytical grade or higher purity were purchased
from Sigma-Aldrich. Hydrochloric acid (HCl, 37.0 %), sulfuric acid
(H2S04, >98.0 %), sodium hydroxide (NaOH, >96.0 %), and other re-
agents were purchased from Sinopharm Chemical Reagent Co., Ltd.
HPLC-grade methanol (MeOH) was purchased from Merck (Germany).
All chemicals were of analytical grade and used without further purifi-
cation. All stock solutions were prepared using ultrapure water (18.25
MQ-cm).

2.2. Preparation of CQDs

CQDs were prepared via an electrochemical exfoliation method, by
using two commercially available graphite rods as electrodes (electrode
spacing = 6 cm) that were inserted into 500 mL of an electrolyte solution
with varying concentrations (1, 3, 5 mmol/L) of HCL. Various voltages
(20, 30, 40 V) were applied using a DC power supply, while continuous
stirring was maintained with a magnetic stirrer throughout the reaction.
With increasing electrolysis time (18, 24, 30 h), the anode graphite rods
became corroded, leading to a color change from colorless to deep yel-
low, and eventually to dark brown over time. The resultant solution was
filtered using a 0.22 pm membrane and subsequently centrifuged at
8000 rpm for 40 minutes to remove large graphite particles. The solution
was then dialyzed in an MW300 dialysis bag over 48 hours to remove the
residual Cl- and HCIO/CIO", yielding to a high-purity CQDs solution
[60]. The CQDs samples were labeled as C@CX-YV-ZH based on elec-
trolyte concentrations (X: 1, 3, 5 mmol/L), applied voltages (Y: 20, 30,
40 V), and electrolysis durations (Z: 18, 24, 30 h).

2.3. Characterization of CQDs
Transmission electron microscopy (TEM, JEM2800F, JEOL, Japan)

was employed to characterize the morphology and size of the samples at
an accelerating voltage of 200 kV. The crystallinity of the samples was
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analyzed using X-ray diffraction (XRD, USA) with a Cu Ka radiation
source (A=1.5406 10\) over a range of 20= 10-80°. UV-vis absorption
spectroscopy was conducted using an Agilent 8453. Raman spectra were
recorded on a Horiba Lab RAM HR Evolution Raman spectrometer
(Japan). The elemental composition of the samples was analyzed by X-
ray photoelectron  spectroscopy (XPS) using an  AXIS
SUPRA+ (Shimadzu, Japan). The surface functional groups of the
samples were analyzed using Fourier transform infrared spectroscopy
(FTIR, NEXUS 870, NICOLET, USA). The zeta potential of the samples
was measured with a Malvern Zetasizer Nano-ZS90 analyzer (UK). EPR
experiments were conducted using a Magnettech ESR5000 JEOL
(Bruker, Germany).

2.4. Fenton-like degradation experiments

CQDs and Fe> solutions were added to solutions containing various
pollutants, including phenol, hydroquinone, o-nitrophenol, o-amino-
phenol, and o-methylphenol (10 mg/L). The pH value of the mixture was
adjusted to 3 using a 0.1 mol/L solution of HySO4 and NaOH. The pH
impact experiments were performed over 3-8. The degradation experi-
ments were conducted under vigorous magnetic stirring conditions. At
predetermined time intervals, 1 mL of the solution was sampled using a
pipette, filtered through a polytetrafluoroethylene (PTFE) syringe filter
(0.22 pm), and then 0.1 mL of methanol was added to quench the re-
action. The concentrations of phenol, hydroquinone, o-nitrophenol, o-
aminophenol, and o-methylphenol in the samples were then deter-
mined. All experiments were conducted in triplicate.

2.5. Analytical methods

The concentration of CQDs was quantified using the drying and
weighing method. The content of oxygen-containing functional groups
over the CQD surface was determined using the Boehm titration method
[65]. The consumption of HoO, was quantified using TiOSO4/H2SO4
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reagent. The utilization efficiency (n) of HoO; is defined as the ratio of
theoretical HyO2 consumption ([AH202]s) to actual hydrogen peroxide
consumption ([AH302]4), as shown in Eq. (1).

_ [AH,0]s

"~ [AH,0,]A 1)

The concentration of Fe?* was quantified using UV-vis spectropho-
tometry at 510 nm with the 1,10-phenanthroline method. The concen-
tration of organic compounds was determined using high performance
liquid chromatography (HPLC) with a C18 column. The pseudo-first-
order rate constant (kops) model is introduced to describe the phenols
degradation kinetics, as shown in Eq. (2),
7ln&:kobs x t 2

Co
where Cy and C; (mM) are the concentration of phenolic compounds at

time 0 and t (min), respectively; kops is the observed first-order rate
constant (min).

3. Results and discussion
3.1. Characterization of the as-prepared CQDs

The preparation process of CQDs is shown in Fig. 1A. When the
applied voltage exceeds the electrochemical potential window of water
(1.23 V), water decomposes into ¢OH and ¢O [42]. Additionally, the
addition of HCI significantly enhances the conductivity of the solution,
and Cl- is oxidized to active chlorine (HCIO/CIO") under the influence of
the electric field, which gradually damages the graphite structure and
leads to the detachment of larger carbon materials [21,33]. These de-
tached carbon materials are attacked by various radicals in the solution,
ultimately breaking down into smaller fragments, resulting in the for-
mation of CQDs [34].

As shown in Fig. 1B, the color and yield of the obtained CQDs exhibit
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Fig. 1. (A) Schematic illustration of CQDs preparation, (B) concentrations of as-prepared CQDs (inset is the digital photos), (C) TEM and (D) HRTEM image of

C@C3-30V-24H (inset in panel C is the particle size distribution).
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a “volcanic” variation with increasing voltage, electrolysis time, and
electrolyte concentration, peaking at 30 V, 24 hours of electrolysis, and
an HCI concentration of 3 mmol/L. When the voltage is too low (less
than 30 V), the electrolyte concentration is too low (less than 3 mmol/
L), or the electrolysis time is insufficient (less than 24 hours), the
number of radicals in the solution is limited, resulting in fewer attacks
on larger carbon materials [34]. Consequently, the resulting CQDs tend
to be oversized, and these larger CQDs are separated along with the
larger carbon materials during purification, leading to reduced yield. On
the other hand, when the preparation conditions are excessively harsh,
such as when the voltage reaches 40 V, the electrolyte concentration
increases to 5 mmol/L, or the electrolysis time extends to 30 hours, the
graphite rod undergoes excessive corrosion, leading to the continual
detachment of larger carbon materials. Although the number of radicals
increases in this case, these free radicals are unable to effectively frag-
ment the larger carbon materials into smaller CQDs, which ultimately
are also separated during purification, further decreasing the yield [33].

During the purification process of CQDs, although the purification

>
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step effectively separates larger carbon materials, it does not efficiently
screen nanoparticle-sized carbon dots by size. Consequently, larger-
sized CQDs are retained, which affects their average size and results in
relatively larger CQDs when prepared under certain conditions [46]. As
shown in Figure S1, when the voltage is set at 30 V, the size of
C@C3-30V-24H is smaller than that of C@C3-20V-24H prepared at
20 V, indicating that moderately increasing the voltage can enhance the
efficiency of carbon material exfoliation, thereby facilitating the
acquisition of smaller CQDs. However, when the voltage is further
increased to 40 V, the size of the resulting C@C3-40V-24H increases.
Additionally, as the electrolyte concentration and electrolysis duration
increase, the size of the CQDs exhibits a similar trend.

Transmission electron microscopy (TEM) images reveal that all CQDs
nanoparticles exhibit a quasi-spherical structure and are uniformly
dispersed (Fig. 1C, and S1). This observation is in good agreement with
earlier reports [44,65]. Statistical analysis of all CQDs revealed that the
C@C3-30V-24H shows the smallest average size of 2.15 nm and the
narrowest size distribution. Moreover, high-resolution TEM (HRTEM)
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Fig. 2. (A) XRD patterns, (B) UV-vis, (C) Raman, (D) FTIR, (E) XPS, (F) Cls XPS spectra; (G) Zeta potential, and (H) surface functional group compositions of the as-

prepared CQDs.
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images of all CQDs display distinct lattice fringes (Fig. 1D and S2). The
lattice spacings for C@C3-20V-24H, C@C3-30V-24H, C@C3-40V-24H,
C@C1-30V-24H, C@C5-30V-24H, C@C3-30V-18H, and
C@C3-30V-30H are 0.21, 0.28, 0.25, 0.22, 0.22, 0.20, and 0.22 nm
respectively, corresponding to the (100) lattice spacing of graphite [49].
The increase in CQD lattice spacing is believed to be attributed to the
insertion of oxygen-containing functional groups into the interlayer of
the original CQDs [49]. Note that C@C3-30V-24H demonstrates the
largest lattice spacing, implying much more oxygen-containing func-
tional groups inserted.

To further understand the structural evolution of the as-prepared
CQDs, we analyzed the X-ray diffraction (XRD) and Raman spectra. As
shown in Fig. 2A, all CQDs displayed a broad diffraction peak centered
at 20 ~ 24.4°, assignable to the (002) lattice plane of carbon-based
materials, confirming the nature of graphitic carbon [30]. This obser-
vation is also associated with the highly disordered structure of CQDs.
The sharpening and narrowing of the diffraction peak may be due to a
significant increase in surface functional groups such as C=0, C-O, and
-OH under electrochemical conditions. The significant changes in lattice
spacing observed in the HRTEM images further support this structural
characteristic (Figure S2). Notably, the UV-vis spectra shown in Fig. 2B
reveal two fingerprint absorption peaks of CQDs at 242 and 330 nm,
respectively, corresponding to the n-1* electronic transition of the con-
jugated aromatic sp? hybridized G=C bonds within the graphite core,
and the n-n* transition of the C=0 bonds in COOH groups [36].

The Raman spectra (Fig. 2C) feature two prominent peaks at 1350
and 1620 cm ™}, respectively, which belong to the D-band and G-band
characteristic peaks of carbon materials, respectively. The G-band is
closely related to the in-plane vibrations of sp? hybridized carbon atoms,
while the D-band primarily reflects the presence of topological defects or
sp° hybridized carbon atoms [49]. Therefore, by evaluating the intensity
ratio of the D-band to the G-band (Ip/Ig), we can effectively infer the
defect levels of carbon materials [35]. During the experiment, where the
electrolyte concentration and electrolysis time were constant and the
voltage was gradually increased from 20 to 40 V, the Ip/Ig ratio initially
experienced a significant increase from 1.03 to 1.23, followed by a slight
decrease to 1.06. Similarly, when the electrolyte concentration was
increased from 1 to 5 mmol/L, or the electrolysis time was extended
from 18 hours to 30 hours, the Ip/Ig ratio also exhibited a trend of first
increasing and then decreasing, with values of 1.06 and 1.08, respec-
tively. These observations collectively indicate that the formation of
structural defects accompanies the electrochemical exfoliation of
graphite to prepare CQDs, with the sp2 domains in the C@C3-30V-24H
sample exhibiting the most significant defect characteristics. The
Fourier-transform infrared (FT-IR) spectra (Fig. 2D) further refine the
information on functional groups, with a typical peak around
3450 cm ™! corresponding to the stretching vibration of -OH, and a peak
at 2920 cm ™! attributed to the stretching vibration of C-H in -CHs or
-CH, groups. The peak at 1686 cm ™! indicates the presence of carbonyl
(C=0), and the peak at 1580 cm™! reflects the stretching vibration of
sp? hybridized C=C groups, while the peak at 1050 cm ™ is associated
with C-O bonds [49]. The presence of these oxygen-containing groups is
direct evidence of successful graphite oxidation and imparts hydrophi-
licity to CQDs. X-ray photoelectron spectroscopy (XPS) measurements
further revealed the oxygen-containing functional groups in CQDs, as
shown in Fig. 2E. The C1 s (284.8 eV) and O 1 s (532.4 eV) peaks in the
XPS spectra indicate that all CQDs consist of carbon and oxygen ele-
ments. The increase in the O/C atomic ratio directly reflects the
enhancement of the oxidation degree of CQDs. Among the seven sam-
ples, C@C3-30V-24H had the highest O/C ratio of 0.411, indicating
increased oxygen content. Deconvolution of the C 1 s spectrum revealed
three peaks at 284.8 eV, 286.6 eV, and 288.9 eV, corresponding to
C—spz, C-0, and C=0O0, respectively (Fig. 2F) [35]. The results indicate
that C=0 and C-O are the primary oxygen-containing groups in CQDs,
with C-O bonds dominating the oxygen element composition, although
the content of C=0 bonds is also substantial. Among the seven tested
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CQDs, C@C3-30V-24H had the lowest C-sp2 content, indicating the
highest degree of oxidation and the highest C—=0O content. This high
C—O0 content may be key to improving Fenton-like catalytic activity.

The zeta potential was measured to study the surface charge prop-
erties of these CQDs. All CQDs exhibited negative potentials, ranging
from —32.86 to —43.65 mV (Fig. 2G), confirming the stability of the
CQDs colloids, as colloids are generally stable with zeta potentials above
30 mV (positive or negative). The zeta potential of CQDs colloids is
mainly attributed to the extensive distribution of carboxyl functional
groups on their surfaces, which impart negative charge characteristics to
CQDs. The higher the carboxyl content, the higher the hydrophilicity
and stability of CQDs colloids [65]. Additionally, the concentrations of
oxygen-containing functional groups, particularly carboxyl groups, in
each CQDs sample were accurately quantified using Boehm titration, as
illustrated in Fig. 2H. The C@C3-30V-24H sample exhibited the highest
carboxyl content, a finding that is highly consistent with the Zeta po-
tential analysis results, further confirming the close relationship be-
tween its surface chemical properties and stability. Notably, these
results demonstrate that the chemical compositions and
oxygen-containing functional groups of all CQDs are similar and that the
carboxyl content of CQDs is proportional to their kqps (R?>=0.948) while
showing poor linear correlations with -COO- (R?>=0.420) and -OH
(R?=0.440) (Figure S3). This indicates that carboxyl groups are the
primary factor influencing the efficiency of Fenton-like reactions, which
is consistent with reports elsewhere [35,65]. The -COOH groups form
complexes with Fe3™, facilitating electron transfer and accelerating the
FeZ*/ Fe3* cycle, which is essential for enhancing the Fenton-like cat-
alytic effect.

3.2. CQDs-assisted Fenton-like catalysis

To evaluate the performance of various CQDs-Fe3* complexes, their
efficacy was assessed in the CQDs-Fe>"/H,0, system for phenol degra-
dation. As depicted in Fig. 3A, the C@C3-30V-24H complex demon-
strated the most effective co-catalytic performance, achieving a phenol
degradation efficiency of 97.75 % within 15 minutes. Furthermore, it
exhibited the highest observed rate constant kops of 0.2597 min~!
(Fig. 3B). Due to the strong correlation between the chemical cycling
behavior of Fe?/Fe and the pH of the reaction system [12], we
measured the pH changes in various CQDs-Fe® */H202 systems
throughout the experiment, as illustrated in Figure S4. It was observed
that the pH values in each reaction system exhibited a slight decrease
during the reaction period, with a change of less than 0.04. This varia-
tion is considered negligible in terms of its impact on the conversion of
Fe?t/Fe®* [19]. We systematically explored the phenol degradation
performance in various systems, as presented in Fig. 3C. The degrada-
tion efficiency of phenol was relatively low in systems containing only
Fe3*, only Hy0, only C@C3-30V-24H, Fe>*/Hy0, and
C@C3-30V-24H/H50,. In contrast, the C@C3—30V-24H-Fe3+/H202
system demonstrated significantly higher phenol degradation efficiency.
The low efficiency in the Fe3t/H,0, system was attributed to iron ion
hydrolysis, which severely hindered the Fe>*/Fe?* redox cycle, result-
ing in a sluggish degradation reaction. However, in the
C@C3-30V-24H-Fe3* /H,0, system, CQDs effectively suppressed iron
ion hydrolysis and significantly accelerated the Fe3*/Fe?* cycle through
enhanced electron transfer, thereby achieving efficient phenol degra-
dation [65].

It is well known that the core difference between the Fe®*/H,0, and
Fe?"/H,0, systems lies in the initial step of Fe>* to Fe?™ conversion.
Subsequently, these two systems exhibit similar reaction progressions,
making the Fe>* to Fe?™ conversion rate a key factor influencing the
reaction process [26]. Given that phenol is a recognized Fe3t com-
plexing agent and reducing agent [66], we measured the generation of
Fe?* and the consumption of Hy05 in both the presence and absence of
phenol to elucidate its role in iron cycling, as illustrated in Figure S5.
The results demonstrated that the presence of phenol in the Fe>*/H,0,
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Fig. 3. (A) Phenol degradation kinetics in different CQDs-Fe>"/H,0, systems, (B) comparison of the corresponding apparent rate constant kops, (C) comparison of

phenol degradation kinetics in different systems, (D) changes in Fe?"
removal% in different CQD—Fe3+/H202 systems at pH 3 —8 (CQDs =

system accelerates the conversion of Fe' to Fe?*, while the consump-
tion of Hy0 also increased, which is consistent with previous studies [1,
11]. Furthermore, the addition of C@C3-30V-24H further enhanced the
transformation of Fe* to Fe?* and resulted in a higher consumption of
hydrogen peroxide due to the rapid degradation of pollutants compared
to the previous conditions. The temporal variation of Fe>" concentra-
tions in different CQDs-Fe>t/H,0, systems is shown in Fig. 3D. The Fe?*
concentration in the CQDs-Fe>/H,0, system rapidly increased within
the first 3 minutes and then remained stable with a slight increase from
3 to 15 minutes. Conversely, in the Fe3t/H,0, system, the Fe?t

concentration over time, (E) comparison of H,0, utilization efficiency, (F) comparison of phenol
2mg/L, Fe3t =2 mg/L, H,O; = 5 mmol/L, phenol = 10 mg/L).

concentration slowly increased over 15 minutes, indicating that CQDs
facilitated the Fe?t generation kinetics. The C@C3-30V-24H sample
possesses the highest carboxyl content, leading to the most extensive
complexation with Fe3". It’s believed that enhancing the Fe?*/Fe3*
conversion rate can significantly improve H,0, utilization efficiency
[45]. Therefore, we quantitatively analyzed the H,O5 utilization effi-
ciency in different CQDs-Fe**/H,0, systems. As illustrated in Fig. 3E,
the Hy0» utilization efficiency in the Fe3t/H,0, system was only
27.64 % after 15 minutes of reaction. In contrast, the CQDs—Fe3+/H202
systems significantly improved HyO5 utilization efficiency, with the
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C@C3-30V-24H-Fe*t/H,0, system achieving 78.54 %, which is 2.84
times higher than the Fe3*/H,0, system, and 1.8 and 1.47 times higher
than the C@C3-24V-30H and C@C1-24V-30H systems, respectively.

Conventional Fenton-like reactions are typically limited to acidic
conditions. However, most real-world wastewater is neutral or alkaline
[15]. Therefore, pH is a critical factor for the practical application of
Fenton-like reactions. Simultaneously, we investigated the changes in
pH within each reaction system and observed that as the reaction pro-
gressed, the pH values decreased compared to the initial pH; however,
the magnitude of this change was not significant (Figure S6). This
finding suggests that the initial pH plays a critical role in Fenton-like
reactions. Notably, the C@C3-30V-24H, C@C3-40V-24H, and
C@C5-30V-24H systems maintained approximately 50 % degradation
efficiency at pH 6. This is due to the increase in pH which facilitates the
decomposition of HyO, into HOO™ and O, making the generation of ¢OH
more challenging. Nonetheless, the carboxyl groups that are extensively
present on the surface of CQDs assume a critical role. These carboxyl
groups impart an exceptional buffering capacity, thereby effectively
suppressing the hydrolysis of iron ions in an alkaline environment.
Consequently, this suppression facilitates the progression of the
Fe3*/Fe?* redox cycle, thereby expanding the pH operational range of
the CQDs—Fe3+/H202 system [35,65]. However, when the pH exceeds 7,
the phenol removal efficiency drops sharply due to excessive hydrolysis
of Fe', which exceeds the buffering capacity of CQDs. In summary,
under pH conditions > 4, the CQDS-F63+/H202 systems demonstrate
significantly better phenol degradation performance compared to
traditional Fe>/H,0, systems.

3.3. The effects of the reaction parameter

As shown in Fig. 4A, increasing the HyO, concentration from
1 mmol/L to 5 mmol/L led to the effective decomposition of HoO5 into

A B
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eOH and eO5H, thereby increasing the phenol removal efficiency from
36.94% to 97.75% and the reaction kinetic constant from
0.0304 min ! to 0.2597 min ! (Figure S7). However, further increases
in Hy02 concentration to 10 mmol/L and 20 mmol/L resulted in inhib-
itory reactions, reducing the phenol degradation efficiency to 95.31 %
and 78.83 %, respectively. Hence, the optimal HyO» concentration was
determined to be 5 mmol/L. This phenomenon can be attributed to the
fact that a moderate increase in HoO5 promotes the generation of eOH,
whereas an excess of H,O, reacts with ¢OH to form eO5H, as illustrated
by the reaction equation HyO, + ¢OH — H30 + ¢O2H [63]. The redox
potential of eO.H (1.44 V) is significantly lower than that of eOH
(2.8 V), thereby inhibiting phenol decomposition when H,0 is in excess
[3,38]. Fig. 4B illustrates the effect of C@C3-30V-24H concentration on
phenol degradation. As the C@C3-30V-24H concentration increased
from 0.1 to 2 mg/L, the number of carboxyl groups participating in
complexation with Fe>* also increased, enhancing the solution’s buff-
ering capacity and accelerating the Fe3*/Fe?>* cycle. Consequently, the
phenol removal efficiency increased from 71.85 % to 97.75 %, and the
kops increased from 0.0871 min~! to 0.2597 min~!. When the concen-
tration reached 4 mg/L, the electron-rich C@C3-30V-24H quenched the
eOH produced in the reaction, reducing the phenol degradation effi-
ciency to 92.91 %. Therefore, the optimal concentration of
C@C3-30V-24H was determined to be 2 mg/L.

Fig. 4 C examines the impact of Fe>* concentration. When the Fe>"
concentration reached 2 mg/L, the phenol degradation performance
was optimal, with a removal efficiency of 97.75 %. At lower Fe>* con-
centrations, hydrolysis reactions led to poor catalytic performance of
H30,. Conversely, at higher Fe3* concentrations, clustering occurred
between C@C3-30V-24H and Fe®*, inhibiting its catalytic activity and
reducing the phenol degradation efficiency [35]. Thus, the optimal Fe>*
concentration was determined to be 2 mg/L.

In real wastewater, various inorganic anions typically coexist with
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the target pollutants. The performance of the oxidation process may be
affected by these coexisting components. Therefore, to evaluate their
effects, we investigated the influence of coexisting anions such as CI’,
SO?{, NOg3, CO%’, and HyPOi on phenol removal efficiency in the
C@C3-30V-24H-Fe3*/H,0, system under optimal conditions. Fig. 4D
depicts the phenol removal efficiency in the presence of 5-15 mmol/L of
these anions and cations. Among the coexisting anions, CO% and H,PO;
exhibited higher inhibitory effects compared to CI', SOF, and NO3. At a
concentration of 5 mmol/L, the phenol removal efficiency decreased
from 97.75 % to 9.91 % and 10.02 % for CO%’ and HoPOj, respectively,
after 15 minutes of reaction. In contrast, at a concentration of 15 mmol/
L, CI, SOF, and NO3 only slightly inhibited phenol degradation, main-
taining over 60 % degradation efficiency. Generally, the inhibitory ef-
fects of anions arise from two main sources. First, they act as ¢OH radical
scavengers, appearing in the form of weaker radicals with lower redox
potentials (CIOH’e, Cle, NOge, CO3e, HoPOye) [3], as shown in Eq. (3)
7):

Cl" + «OH — CIOHe—/Cle 3)
SO% + «OH— SO3e+OH )]
NO3+ OH — NOge + OH 5)
HCO3+ e¢OH—H,0-+CO3e (6)
HyPO3+ eOH—H,PO,e+0OH" )

Second, they cause changes in the solution’s pH, thereby affecting
the stability of HyO5 and eOH. High concentrations of HCO3/H,PO3 can
act as buffering agents, promoting hydrolysis reactions and shifting the
equilibrium to the right, as shown in the reaction equations below.
Additionally, H,PO4 can bind with Fe?*/Fe>", rendering the catalyst
inactive, as shown in the Egs. (8)-(11). This prevents CQD from
adsorbing and cycling Fe?*/Fe®", and from activating H,O,, thereby
significantly inhibiting phenol degradation [6].

HCO3+H,0<H,CO% OH ®)
HyPO3+Hy0<H3PO4+OH 9
Fe?+H,P03—FeH,POS (10)
Fe3*+H,P0O;—FeH,PO5" 1n

The reproducibility and versatility of C@C3-30V-24H are important
indicators for treating actual wastewater. To determine its reproduc-
ibility, we allowed the completed experiment to stand for 10 days to
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ensure complete degradation of phenol and intermediate products [65].
For each new cycle experiment, new phenol (10 mg/L) and additional
H,0, and Fe®>" were added to match the initial experimental conditions.
As shown in Fig. 4E, six cycles were performed. Although the phenol
removal efficiency decreased with each cycle, it remained around 90 %,
indicating good cyclic stability of C@C3-30V-24H. Additionally, we
investigated the degradation performance of the
C@3-30V-24H-Fe*t/H,0, system for various phenolic pollutants. As
illustrated in Fig. 4F, within 15 minutes, the removal efficiencies of
hydroquinone (P-OH), phenol (P), bisphenol A (BPA), p-chlorophenol
(P-Cl), p-hydroxybenzaldehyde (P-CHO), and p-nitrophenol (P-NO3)
were 99.41 %, 97.57 %, 92.84 %, 88.73 %, 77.19 %, and 52.68 %,
respectively, indicating superior degradation performance. These results
indicate that the C@3—30V—24H—Fe3+/H202 system exhibits significant
potential for the treatment of complex organic wastewater.

3.4. Active species

To elucidate the reactive species generated within the C@3-30V-
24H-Fe>*/H,0, system, we conducted quenching experiments and
electron paramagnetic resonance (EPR) analysis. Fig. 5 A,B illustrate
that tert-butanol (TBA) serves as a typical scavenger for ¢OH [37], while
2,2,6,6-tetramethyl-4-piperidinyloxy (TEMPOL) and furfuryl alcohol
(FFA) demonstrate effective scavenging capabilities for HOze/e05 and
10,, respectively [18,22]. As shown in Figure S8A, a TBA concentration
of 10 mM significantly inhibited phenol degradation, indicating that
eOH plays a decisive role in this process. EPR spectral analysis revealed
that the DMPO—eOH signal (1:2:2:1) intensity in the
C@3-30V-24H-Fe>*/H,0, system was notably higher than in the
Fe3*/H,0, system, suggesting that the former generates more ¢OH. This
evidence supports the critical role of ¢OH in phenol degradation within
this system.

At a TEMPOL concentration of 5 mM, its inhibitory effect on phenol
removal efficiency was negligible (Figure S8B), and likewise, the addi-
tion of FFA did not result in significant inhibition (Figure S8C). Notably,
increasing the TEMPOL concentration to 20 mM somewhat inhibited
phenol removal (Figure S8B). This could be attributed to the partial
quenching of eOH, since quenching agents may react with multiple
oxidants, and no truly selective quenching agents exist [62]. These re-
sults suggest that HOe/e03 and 'O, play a minor role in this system. To
evaluate the potential impact of high-valent iron species (Fe(IV)) in the
C@3—30V-24H-Fe3+/H202 system [54], dimethyl sulfoxide (DMSO) was
introduced since it is a sensitive compound that can be selectively
oxidized by high-valent metals through oxygen atom transfer reactions
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Fig. 5. (A) The effects of varying scavengers on phenol degradation in the C@C3-30V-24H-Fe*/H,0, system, (B) spin trapping EPR spectra of DMPO—-OH,
DMPO—-03, and TEMP—'0, in both the C@C3-30V-24H-Fe**/H,0, and the Fe*>*/H,0, systems.
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and is commonly used as a quencher for Fe(IV) [22]. Increasing the
DMSO concentration from 5 mM to 20 mM (Figure S8D) resulted in no
significant inhibition of phenol removal, suggesting that high-valent
iron species are not the primary active species in this system.

3.5. Relationship between degradation performances and properties of
pollutants

Fig. 6A illustrates the structural diagrams of six contaminants along
with their kqps in the C@3—30V-24H-Fes+/H202 system. The data reveal
that pollutants containing electron-donating groups such as hydroxyl
(OH) for instance, P-OH, P, and BPA are more readily oxidized in this
system, exhibiting keps values exceeding 0.16 min~l. In contrast,

A os
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pollutants possessing electron-withdrawing groups, such as P-Cl, P-
CHO, and P-NO,, demonstrate lower oxidation efficiency, with kops
values under 0.16 min~". In the Fenton-like system involving six pol-
lutants, the variation in Fe?™ concentration is illustrated in Figure S9.
The results indicate that the addition of C@C3-30V-24H results in a
general increase in Fe?' concentrations. Notably, the concentration of
Fe?" in systems containing electron-donating groups is consistently
higher than that in systems with electron-withdrawing groups
(Figure S10A). Furthermore, we observed a significant correlation be-
tween Fe?* concentrations and the kops values. Specifically, as the
concentration of Fe?* in the reaction system increases, the kops values
for pollutant degradation also increase (Figure S10A,B). This indicates
that the type of electronic groups in pollutants significantly influences
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the reduction efficiency of Fe>*, subsequently affecting the degradation
efficacy of the pollutants [66]. Fig. 6B depicts the electrostatic potential
distribution for six phenolic pollutants, generated using GaussView 6.0
software [10]. The red regions indicate the areas with the highest
negative potential, whereas the blue regions denote the areas with
positive potential. The results indicate that substituents exert different
influences on the electrostatic potential distribution surrounding the
benzene ring and hydroxyl group. Generally, the most electronegative
regions are localized around the oxygen atoms, including the —OH
groups and their attached substituents, whereas the most electropositive
regions are concentrated on the hydrogen atoms of the —OH groups
[27].

To further elucidate the relationship between contaminant proper-
ties and degradation performance, this study employed the Gaussian 16
software package and density functional theory (DFT) calculations to
analyze additional parameters of various contaminants [14]. These pa-
rameters encompass the electrophilicity index, highest occupied mo-
lecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO),
and Mulliken electronegativity. Further analyses of HOMO and LUMO
were conducted using the Multiwfn wavefunction analysis program [40,
41]. Fig. 6C showcases the LUMO and HOMO energy levels of the six
contaminants, and the LUMO-HOMO energy gap (Epymo-Enomo) was
calculated and presented in Figure S11. This gap represents the energy
required to transfer electrons from the HOMO to the LUMO. Although
Erumo-Enomo provides initial insights into the electronic structure of the
molecules, it exhibits a poor linear correlation with In(kyps) in the
C@3-30V-24H-Fe®/H,0, system (R%2=0.677), rendering it ineffective
for correlating with the degradation performance of the pollutants.

The LUMO energy level reflects a molecule’s electron-accepting
capability. A higher LUMO energy level implies that the pollutant re-
quires more energy to accept electrons [17]. The data in Fig. 6D
demonstrate that pollutants with lower LUMO energy levels exhibit a
strong linear correlation with In(keps) (R%>=0.889). The electrophilicity
index measures the tendency of a pollutant to accept electrons. Pollut-
ants with a lower electrophilicity index display reduced
electron-accepting ability and increased electron-donating capacity.
Fig. 6E indicates that the electrophilicity index correlates well with In
(kobs) (R2:0.891). Specifically, pollutants with lower electrophilicity
indices, such as P-OH, P, and BPA, show higher In(kyps) values in the
C@3-30V-24H-Fe**/H,0, system. Mulliken electronegativity indicates
a pollutant’s ability to attract electrons. Fig. 6F reveals an excellent
linear correlation between Mulliken electronegativity and In(kops)
(R2=0.919), suggesting that higher Mulliken electronegativity signifies
a greater propensity for the pollutant to attract and retain electrons.
This, in turn, inhibits the transfer of electrons to active species (such as
eOH) during the degradation process, resulting in a slower reaction ef-
ficiency [2].

4. Conclusions

In summary, this study utilized electrochemical exfoliation to pre-
cisely control the surface functional group concentration of CQDs and
systematically examined their co-catalytic performance in Fenton-like
reactions. The system C@3-30V-24H-Fe**/H,0, exhibited superior
catalytic activity, a broadly applicable pH range, and a high Fe3*/Fe?*
conversion rate. Furthermore, C@3-30V-24H- Fe3+/H202 demonstrated
significant reusability and versatility, indicating substantial application
potential. DFT calculations revealed that pollutants with low LUMO
energy levels and low electrophilicity indices are more readily oxidized,
whereas high Mulliken electronegativity inhibits electron transfer to
active species. These findings provide theoretical support for predicting
the degradation performance of various pollutants in the C@3-30V-
24H-Fe>*/H,0, system. In conclusion, by controlling the preparation
parameters, this study precisely regulated the yield and carboxyl content
of CQDs, predicted the degradation performance of different pollutants
in the C@3—30V-24H-Fe3+/H202 system, and offered unique insights
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into the CQDs-Fe3*/H,0, system
Environmental implication

As industrialization intensifies, the excessive discharge of refractory
phenolic pollutants from wastewater in industries such as petrochemical
and pharmaceutical sectors have led to increased water pollution, which
has adversely affected human and environmental health. This work of-
fers insights into how the preparation conditions affect the cocatalytic
performance of CQDs for phenol decomposition, underscoring their role
as cocatalysts in Fenton-like processes, improving the efficiency of
phenolic  pollutant removal, and promoting environmental
sustainability.
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