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Fenton-like process based on metal oxide presents one of the most hoping strategies to generate reactive
oxygen species to treat refractory pollutants. The introduction of oxygen vacancies (Oys) can enhance
the catalytic performance of metal oxides in Fenton-like reaction. In this paper, a one-step all solid-state
synthesis strategy is proposed to induce oxygen defects in V,0s5, which uses graphene to engineer the
crystallization process of V-based crystals. Such approach employs graphene as a solid-catalyst to promote
growth of V-based crystals owing to the ions-7 interactions between graphene and VCls. The electron-
donor Oys in V,0s@graphene can not only active H,O, for the *OH generation, but also accelerate the
reduction of V3 and V#+, thereby ensuring defective V,0s@graphene/H,0, system is 14.3, 28.2, and 17.3
times higher than that of graphene/H,0,, pure V,05/H,0, and graphene+V,05/H,0, (mechanical mixed
system), respectively. Our study provides a novel synthetic strategy to design and prepare Oys-riched
transition metal catalysts for developing advanced oxidation technologies toward higher sustainability

and practicality.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Advanced oxidation processes (AOPs), with advantages of high
efficiency, universality and thoroughness oxidation on organic pol-
lutants, have become one of the promising approaches for re-
fractory organic wastewater treatment [1-6]. As one of the most
mature and diverse strategies, transition metal-based Fenton-like
catalysis have been studied extensively, such reactions require no
additional energy and overcome the problems of homogeneous re-
actions [7-11]. To achieve the highly efficient generation of reactive
oxygen species, many strategies are mainly focused on tailoring
transition metal-based catalysts with desired active sites genera-
tion and exposure by controlling crystal facet growth and engineer-
ing geometry structural [12-17]. These traditional strategies are al-
ways conducted in the wet conduction, which needs the solvents
such as water, ethanol or ethylene glycol [18,19]. Tedious multi-
step processes and harsh reaction conditions blocked the practi-
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cal applications of these technologies [20-24]. Therefore, develop-
ing a facile scale-up method to create more active sites to boost
transition metal-based catalysts performance still remains a major
challenge.

Notably, inducing chemical defects have emerged as a promis-
ing approach for improving catalytic performance by modulat-
ing the electronic structure of transition metal-based catalysts
[25-28] and solid-state synthesis method with effectively intro-
duce defects make it easy to scale-up production [29-32]. Hence,
we develop a one-step all solid-state growth strategy to precisely
engineer oxygen defects in V,05 that are self-assembled during the
process of selective crystallization, thereby boosting the Fenton-
like performance in defective V,05@graphene/H,0, system (0.2012
min~1!), which was 14.3, 28.2, and 17.3 times higher than that of
graphene/H,0, (0.0085 min~1), pure V,05/H,0, (0.0043 min~!)
and mechanical mixed system (graphene+V,05/H,0, 0.0070
min~1), respectively. Additionally, Oys-riched V,0s5@graphene ex-
hibits an outstanding catalytic stability and degradation ability for
a variety of refractory organic pollutants. Our work provides a
promising synthetic strategy for transition metals in Fenton-like
catalytic degradation process to produce reactive oxygen species,
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paving the way for sustainable water purification and material de-
sign optimization.

The graphene-controlled thermal decomposition reaction of
VCl; to defective V,05@graphene by an in situ one-step, all-solid-
state synthesis was showed in Fig. 1a. XRD patterns indicated that
as the graphene addition was below 50%, VCl; was mainly trans-
formed to V,05 at 400 °C for 120min and increasing graphene
can induce the further decomposition of V,05 to V,04 (Fig. 1b
and Fig. S1 in Supporting information) [33,34]. The surface mor-
phologies of defective V,05@graphene composites were obtained
by field-emission scanning electron microscopy (FESEM), which
showed that V,05 crystals were clearly observed on the graphene
sheets (Fig. 1c). Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) associated
with the fast Fourier transform (FFT) showed a series clear lattice
fringes of 2.501A, 2.143A, 2.250A and 2.076 A corresponding to
the (121), (012), (131) and (022) planes of V,0s, thereby confirm-
ing the formation of V,05 crystals on graphene surface (Figs. 1d-
g, Figs. S2 and S3 in Supporting information). What is more, the
magnified image in Fig. 1e clearly displayed that many disloca-
tions and distortions (red circle) were distributed around the lat-
tice fringes, which suggested that defective V,05@graphene has a
typical defect-rich structure. The X-ray photoelectron spectroscopy
(XPS) analysis of V,05 and V,05@graphene was investigated. With
the graphene regulation, the new peaks of 531.0eV and 532.8eV
corresponding to Oys and -OH bonds were obtained in defective
V,05@graphene (Fig. S4 in Supporting information), which was ab-
sent in pure V,0s, thereby confirming the formation of Oys in
V,05@graphene.

Energy dispersive spectroscopy (EDS) analysis revealed that the
molar ratio of V/O in defective V,05@graphene, V,04@graphene
and pure V,05 was 1:0.956, 1:1.487 and 2.128 (Table S1 in
Supporting information), respectively, implying that the V atom
content of defective V,0s5@graphene was higher than that of
pure V,0s, thereby confirming the Oys introduction in defective
V,05@graphene [35].

To better reveal the positive effect of Oys on Fenton-like perfor-
mance, degradation experiments with Rhodamine B (RhB, 10 mg/L)
as a model dye were conducted. Fig. 2a showed that RhB can-
not be decoloured in the presence of only H,0, or defective
V,05@graphene. With both defective V,05@graphene and H,0,
addition, the degradation of RhB was extremely active and con-
formed to quasi-first-order kinetics, and the reaction rate con-
stant (kops) was 0.1214 min~!, which was much higher than
that of graphene/H,0, (0.0085 min~!), pure V,05/H,0, (0.0043
min~!) and mechanical mixed system (graphene+V,05/H,0,,
0.0070 min~1), respectively (Fig. 2b). The H,0, dosages and so-
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Fig. 1. (a) Schematic illustration of the sample synthesis process. (b) XRD pattern
of annealed VCls-graphene at different mass proportions. (c) SEM and magnified
SEM image of defective V,0s@graphene. (d,e) TEM and HRTEM image of defective
V,0s@graphene. (f) The associated FFT analysis taken from the regions outlined in
(e). (g) Elemental mapping images of defective V,0s@graphene.
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Fig. 2. (a) The degradation of RhB in pure graphene/H,0,, V,0s@graphene/H,0;,
V,0s@graphene, graphene+V,05/H,0, and pure V,05/H,0, reaction systems. Re-
action conditions: [catalyst] =0.25g/L, [H,0,]=200pL 30 wt%, [RhB]=10mg/L and
pH 7.0. (b) Corresponding kinetic curves of the different catalytic systems. (c¢) Com-
parison of kg, of different pollutant degradation via Fenton-like oxidation in this
work and the previous reports (details in Table S2 in Supporting information).
(d) Mineralization efficiency of different pollutants including RhB (10 mg/L), MB
(20 mg/L), MR (20 mg/L), BPA (20 mg/L) and TCP (10 mg/L) within 4 h. Reaction con-
ditions: [catalyst] =0.25g/L, [H,0,]=200puL 30 wt% and pH 7.0.

lution pH values had an enormous effect on H,0, activation and
their influences on the RhB degradation efficiency were studied. To
confirm the optimum addition of H,0,, the catalytic performance
of V,05@graphene/H,0, system with different H,0, addition was
investigated and there was no major breakthrough in Fenton-like
activity as H,0, usage increasing to 200uL (Fig. S5 in Support-
ing information). Thus the optimal 30 wt% H,0, usage was se-
lected as 200 pL. Notably, we found that defective V,05@graphene
had better catalytic activity under acidic and weak alkaline (pH
range: 3-9, Fig. S6 in Supporting information). Under the optimal
conditions, defective V,0s@graphene exhibits the highest intrinsic
activity, which surpassed the most advanced heterogeneous cata-
lysts (Fig. 2c and Table S2 in Supporting information). These find-
ings demonstrated that graphene-controlled VCl; thermal decom-
position can in situ induced Oys in V,0s@graphene, which boosts
Fenton-like performance for efficient complex organic wastewater
treatment.

For the practical applications of defective V,0s@graphene/H,0,
system, we assessed the removal efficiency of methylene
blue (MB), methyl red (MR), bisphenol A (BPA) and 2,4,6-
trichlorophenol (TCP) which were universally discovered at
acidic or weak alkaline environments. Fig. 2d showed that the TOC
removal efficiency of RhB, MB, MR, BPA, and TCP reach up to 100%,
99.9%, 96.9%, 99.8%, and 99.6% within 6 h, confirming the excellent
mineralization ability for persistent organic pollutants. In addition,
catalyst stability was also tested and defective V,05@graphene in-
dicated that the defective V,05@graphene/H,0, system remained
a high Fenton-like activity even after 12 cycles (Fig. S7 in Sup-
porting information). During the cycle experiment, the leaching
amount of V ions was investigated via inductively coupled plasma
(ICP) and Fig. S8 (Supporting information) showed a low V ions
concentration after each cycle (0.553, 0.573, 0.585 and 0.602 mg/L),
confirming the stability of defects V,05@graphene in Fenton-like
system. Remarkably, no significant morphological changes were
observed in TEM and HRTEM images (Fig. S9 in Supporting in-
formation). The XRD patterns of defective V,05@graphene before
and after reaction were basically identical, demonstrating that the
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Fig. 3. (a) Schematic illustration of the Fenton-like catalysis mechanism via
defective V,0s@graphene/H,0, system. (b) EPR spectra of DMPO adducts
in V,0s@graphene/H,0,, pure H,0,, pure graphene/H,0,, pure V,05/H,0,
and V,0s@graphene reaction systems. Reaction conditions: [catalyst]=0.25g/L,
[H20,]1=200uL 30 wt%, [DMPO] =100 mmol/L, and pH 7.0. (¢) High-resolution XPS
spectrum of V 2p and O 1s of defective V,0s@graphene and pure V,05 fresh and
used. (d) The quenching experiments with existence of 1 mmol/L CH;O0H, 10 mmol/L
CH3O0H in the defective V,0s@graphene/H,0, catalytic system. Reaction conditions:
[catalyst] =0.25 g/L, [H,0,]=200uL 30 wt%, [RhB]=10mg/L and pH 7.0.

structure was stable (Fig. S10 in Supporting information). What is
more, Fig. S11 (Supporting information) showed that the removal
efficiency of BPA was achieved higher than 90.0% within 60 min
even in the presence of NaCl, Na,SO4 and Na,COs3, suggesting that
such defective V,0s5@graphene/H,0, system provides an effec-
tive way for saline organic wastewater treatment. These results
inferred that defective V,0s5@graphene with outstanding H,0,
activation and stability would be a bright Fenton-like catalyst for
removing environmental organic pollutants.

On the basis of the above observations, in situ introduction
of Oys in defective V,0s@graphene plays an important role for
Fenton-like performance and the enhanced mechanism of defec-
tive V,05@graphene was proposed as shown in Fig. 3a. Besides the
redox cycle of V4+/V>+ in defective V,05@graphene for H,0, acti-
vation, the Oys of electron-donor nature can not only active H,0,
for the "OH generation, but also facilitate the reduction of V°+*
to V4*, thereby boosting the Fenton-like performance in defective
V,05@graphene/H,0, system (Fig. 3a). This result was consistent
with the previous research that the primary process of generating
*OH was the single electron transfer from surface V4t to H,0, (Eq.
1), and a chain reaction can be propagated as V4t can be regener-
ated via H,0, (Eq. 2) [36].

V4 4+ H,0, — V5* 4 "OH + OH~ (1)
V5+ + H,0, — V4 + HOO" + H* 2)

The presence of Oys can maintain the electrostatic equilib-
rium, which facilitates the absorption of a large number of oxygen
species, thereby promoting catalytic oxidation reactions and radical
reactions [37]. Additionally, towards the oxides with surface Oys,
interaction mode between Oys and H,0, was a novel but over-
looked reaction way for the H,0, activation (Eq. 3) [38].

Oys+H;0; — "OH + OH~ (3)

The electron paramagnetic resonance (EPR) analysis showed
that DMPO-OH (1:2:2:1) signals produced in defective
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V,05@graphene/H,0, system was much higher than that in
systems of pure H,0,, V,05/H,0, and graphene+V,05/H;0,,
which demonstrated the positive effect for H,O, activation with
the help of Oys (Fig. 3b).

To better insight into this mechanism, we used XPS analysis to
analyze chemical state of catalysts before and after reaction (Fig.
3c). Two peaks located at 517.3eV and 515.8 eV in the V 2p;, XPS
spectra of pristine V,05 and V,0s@graphene were assigned to the
V5+ and V4t signals, respectively. After Fenton-like reaction, the
peak intensity of surface -OH groups (532.8 eV) were improved sig-
nificantly, which was attributed to the H,0, activation by Oys in
V,05@graphene [38,39]. Interestingly, the molar ratio of V°+/v4+
in V,05@graphene before and after reaction was 1.27:1 and 1.80:1,
while the increase amount of V>* was much lower than that of
pure V,05 before and after reaction (3.51:1 and 5.71:1), suggesting
that the electron-rich Oys can suppress high value vanadium (V°1)
formation. Therefore, defective V,05@graphene with rich Oys en-
sures the high efficiency and stable for Fenton-like catalysis. In ad-
dition, to determine the source of the electrons, we fabricated the
V,05@graphite, V,05@CNT, and V,0s@graphene through the solid
phase synthesis method. Interestingly, the catalytic performance
of V,05@graphene was much higher than that of V,05@graphite
and V,05@CNT (Fig. S12 in Supporting information), which demon-
strated that the formed electron-rich Oys gives electron to acceler-
ate the high value vanadium (V") reduction. The H,0, activation
performance of defective V,05@graphene and pure V,05 was in-
dependent of the BET surface areas of the catalysts (Table S3 and
Figs. S13a-d in Supporting information), indicating that the bind-
ing capacity of the catalysts with H,O, was mainly related to their
chemical structure. The radical quenching experiments were fur-
ther conducted to explored the roles of the reactive species in
pollutant degradation. The different concentrations of methanol
("OH scavengers [40,41]) addition significantly inhibited the RhB
degradation, which suggested that the *OH-radical pathways dom-
inated the RhB degradation in the V,05/H,0, catalytic system
(Fig. 3d).

In summary, the vacancy defective V,05@graphene with rich
Oys was successfully prepared by solid phase synthesis method.
Defective V,0s@graphene provides sufficient Oys, which can not
only active H,0, for the ‘OH generation, but also accelerate
the electron transfer from V3+ to V4+, which make defective
V,05@graphene a bright Fenton-like catalyst for removing envi-
ronmental organic pollutants. The defective V,05@graphene/H,0,
system presents outstanding activity and stability for “OH genera-
tion, which can degrade organic pollutants efficiently.
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