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In Situ Constructed Magnetic Core-Shell Hydrogen-Bonded
Organic Framework-on-Metal–Organic Framework
Structure: an Efficient Catalyst for Peroxymonosulfate
Activation

Yingying Du, Chenhui Ding, Chao Deng, Susanta Banerjee, and Seema Agarwal*

Zeolite imidazole-based framework (ZIF-67), a notable class of metal–organic
frameworks (MOFs), shows promise in activating peroxymonosulfate (PMS)
for pollutant degradation due to its uniformly distributed cobalt ions.
However, its nanoparticle form and the elution of cobalt ions during use cause
challenges in recycling and the risk of secondary pollution. In this study, a
magnetic core-shell hydrogen-bonded organic framework (HOF) on the MOF
(HOF-on-Fe3O4/ZIF-67) is successfully prepared. The porous HOF shell not
only protects the active sites and mitigates cobalt ion leaching but also
reduces mass transfer limitations, ensuring sustained catalytic performance.
The magnetic Fe3O4 core enhances electron transfer between cobalt ions,
boosts catalytic efficiency, and facilitates easy separation and recycling. This
core-shell structure effectively activates PMS, achieving 100% removal of
Rhodamine B, a model wastewater dye, within 10 min (Rh B = 50 mg L−1,
HFZ = 150 mg L−1, PMS = 1.5 mm, pH = 7, room temperature). Furthermore,
under the protection of the HOF shell, cobalt ion leaching is minimized to a
negligible value (0.14 mg L−1) after 5 cycles of use. The research provides
fresh perspectives into the development of core-shell composite materials
with improved performance and recyclability in wastewater treatment.

1. Introduction

The sulfate radical-advanced oxidation process (SR-AOP) is
highly effective at decomposing toxic and persistent organic
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contaminants, positioning it as a leading
technology for wastewater treatment.[1] Sul-
fate radicals (SO4•−) commonly formed by
the activation of persulfate (PS, S2O8

2−)
or peroxymonosulfate (PMS, HSO5

−) ex-
hibit a high redox potential (2.5–3.1 V),
a wider pH range (3–9), longer stability,
and superior reaction selectivity.[2,3] PMS,
with its asymmetric structure, is more eas-
ily activated than PS and is environmen-
tally friendly, which makes it widely used
in industry.[4] Transition metal ions (Cu2+,
Ni2+, Fe2+, Co2+, and Mn2+), metal ox-
ides (Co3O4, Fe3O4, Mn3O4) ultrasound, ul-
traviolet irradiation, and electrochemistry
methods are employed to activate PMS.[5]

Among them, cobalt-based catalysts (espe-
cially Co2+) are thermodynamically more fa-
vorable for combining with HSO5

− having
lower Gibbs free energy values, and are con-
sidered the most ideal PMS activators.[6]

The zeolite-like imidazole frame-
work (ZIF-67), an important category of

metal–organic frameworks (MOFs), is constructed with cobalt
serving as the metal component and 2-methylimidazole (2-
MeIM) as the organic ligand. This framework features an abun-
dance of divalent cobalt species uniformly dispersed through-
out, high porosity, and excellent chemical stability, attributes that
have attracted considerable scholarly attention.[7] Studies have
demonstrated that PMS can be effectively activated by ZIF cat-
alysts to degrade organic pollutants, highlighting their poten-
tial as promising cobalt-based catalysts.[8] However, the practi-
cal application of ZIF-67 in PMS activation is impeded by its
nanoparticle form, which complicates recyclability. Additionally,
the leaching of cobalt ions during use raises concerns about
secondary pollution and poses risks to both the ecosystem and
human health.[9] Therefore, it is imperative to design catalysts
that enhance both service life and stability to address these
issues.

To overcome these challenges, the development of core-shell
composite materials has proven to be highly effective. For in-
stance, Wu et al. created a Fe3O4@Zn/Co-ZIFs core-shell struc-
ture and achieved quantitative removal of carbamazepine in a
short time.[10] Similarly, Wan et al. synthesized a core-hetero
shell magnetic composite material, ZIF-67/vanadium titanium
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magnetite, which effectively activated PMS and achieved a 93.3%
removal rate of levofloxacin within 60 min.[11]

However, in traditional core-shell structures, the shell usually
does not participate in the reaction and primarily serves a protec-
tive role. This limits the full potential of the core-shell structure.
Furthermore, the shell coating can hinder the exposure of active
sites, leading to reduced catalytic performance. Consequently, se-
lecting appropriate shell materials is crucial to enhance both the
protective function and the catalytic activity.

Hydrogen-bonded organic frameworks (HOFs) are recog-
nized as a promising group of crystalline materials, attracting
widespread attention from scholars due to their well-defined
structures and multifunctional properties.[12] Notably, HOF-102
demonstrates excellent stability and chemical resistance, with its
porosity facilitating the enrichment of dyes.[13] This characteristic
enables dye aggregation on the catalyst surface, effectively short-
ening the degradation path and accelerating the breakdown of or-
ganic pollutants. Consequently, HOF is considered an excellent
choice for shell materials. However, to our knowledge, there are
currently no literature reports evaluating HOF-on-MOF materi-
als in SR-AOP.

In this study, we developed a magnetic HOF-on-MOF-type
core-shell catalyst (HOF-on-Fe3O4/ZIF-67, referred to as HFZ)
using ZIF-67 as the core incorporated with magnetic Fe3O4. The
inclusion of Fe3O4 enhances electron transfer between cobalt
ions, thereby improving catalytic performance and facilitating
the quick and easy separation and recovery of the catalyst after
use. The porous HOF shell minimizes mass transfer limitations
and protects the active sites, effectively reducing the leaching of
cobalt ions during use while maintaining strong catalytic perfor-
mance. This unique core-shell structure makes it an ideal catalyst
for PMS activation. The catalyst efficiently activated PMS, achiev-
ing 100% removal of a model dye (Rhodamine B, Rh B) within
10 min, and demonstrated effective degradation across a wide pH
range (3–9) with minimal cobalt ions leaching (0.14 mg L−1 after
5 cycles). This research strategy not only broadens the applica-
tion of HOF materials in water treatment but also provides new
insights into the preparation of core-shell composite materials
for use in SR-AOP.

2. Results and Discussion

The preparation strategy for the HFZ is illustrated in Figure 1a.
Initially, Fe3O4 nanoparticles were introduced into the reaction
solution having precursors of ZIF-67 to achieve in situ growth of
Fe3O4/ZIF-67 particles. Next, these Fe3O4/ZIF-67 particles were
dispersed in an acetone solution, to which a dimethylformamide
(DMF) solution of the HOF precursor was added dropwise and
stirred overnight. Finally, the products (HFZ particles) were col-
lected using an external magnet. The morphology and particle
size of the materials were analyzed by scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM).
Fe3O4 nanoparticles maintain a consistent spherical shape with
a particle size of 23.8 ± 1.92 nm (Figure 1b). ZIF-67 particles
had a size of ≈823 ± 75 nm and were rhombohedral dodecahe-
dron in structure (Figure 1c).[14] The average diameter of Fe3O4
nanoparticles and ZIF-67 was calculated with ImageJ software by
randomly selecting 50 particles in SEM images. HOF showed a
rod-like structure (Figure S1, Supporting Information), and the

structure of HOF is shown in Figure S2 (Supporting Informa-
tion). The overall morphology of the synthesized Fe3O4/ZIF-67
(Figure 1d) maintains the rhombohedral dodecahedron shape,
with numerous Fe3O4 nanoparticles distributed on the surface
and within the bulk of the ZIF-67 particles. The TEM image
of Fe3O4/ZIF-67 (Figure 1f) confirms the presence of Fe3O4
within the ZIF-67 core. The surface of the HFZ particles is dis-
tinctly covered by the HOF coating while preserving the rhom-
bohedral dodecahedron shape (Figure 1e). TEM images of HFZ
(Figure 1g) reveal two distinct regions: a darker core, represent-
ing the Fe3O4/ZIF-67, surrounded by lighter regions indicating
the HOF coating. The enlarged TEM image (Figure 1h) clearly
shows an interfacial layer of rough HOF shell (thickness ≈44 nm)
around the Fe3O4/ZIF-67 core. Overall, the magnetic HFZ core-
shell structure is confirmed by SEM and TEM. Additionally, x-ray
energy dispersive spectroscopy (EDS) elemental mapping of in-
dividual HFZ particles demonstrates the presence of C, N, O, Fe,
and Co elements in the core-shell particles (Figure 1i).

The x-ray diffraction (XRD) patterns of Fe3O4, HOF, ZIF-67,
and HFZ are shown in Figure 2a. In the XRD pattern of HFZ,
2 theta corresponds to the (100) crystal plane at 3.6°, which be-
longs to the characteristic diffraction peak of HOF.[15] 7.4°, 10.5°,
12.9°, 14.8°, 16.6°, and 18.2° correspond to the (011), (002), (112),
(022), (013) and (222) crystal planes, which are highly consis-
tent with the ZIF-67 crystal.[16] And 30.5°, 35.6°, 43.6°, 57.5°, and
62.8° are attributed to (220), (311), (400), (511) and (440) crystal
planes, which are highly matched with the characteristic diffrac-
tion peaks of Fe3O4 nanoparticles.[17] These results confirmed the
successful preparation of HFZ without affecting significantly the
crystal structure of ZIF-67.

The structural analysis by Fourier transform infrared spec-
troscopy (FT-IR) (Figure 2b) confirmed expected peaks at
625 cm−1 (Fe─O bond), and 574 cm−1 (Fe3O4), aligning well with
the literature.[18] The peak at 425 cm−1 is attributed to the stretch-
ing vibration of Co─N in the ZIF-67 crystal, while the peaks at
1418 and 1580 cm−1 correspond to the stretching modes of the
C─N bond in imidazole.[19] These characteristic peaks observed
in the FT-IR spectra of HFZ confirm the successful synthesis of
HFZ.

The electrochemical impedance spectroscopic (EIS) analysis
of HFZ and HOF-on-ZIF-67 revealed that the Nyquist plot for
HFZ shows a smaller semicircle compared to HOF-on-ZIF-
67 (Figure 2c). This suggests that HFZ exhibits a relatively
lower charge transfer resistance, which is due to the enhanced
charge transfer facilitated by the incorporation of Fe3O4.[20] The
Tafel polarization curve analysis further supports this observa-
tion (Figure 2d). The free corrosion potentials for HFZ and
HOF-on-ZIF-67 are −0.27 and −0.18 V. This suggests a faster
electron transfer rate for HFZ compared to HOF-on-ZIF-67.
The findings show that incorporating Fe3O4 significantly im-
proves the electron transfer ability of HFZ, contributing to
the rapid and efficient degradation of organic pollutants. Ad-
ditionally, a vibrating sample magnetometer (VSM) was em-
ployed to assess the magnetic properties (Figure 2e). The sat-
uration magnetization (Ms) values for Fe3O4 nanoparticles and
HFZ were 50.3 and 27.6 emu g−1, respectively. The decrease
in magnetic strength for HFZ is primarily due to the ZIF-
67 and HOF coatings. Nonetheless, the strong magnetic re-
sponse of HFZ allows for easy separation using an external

Adv. Funct. Mater. 2024, 2416686 2416686 (2 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202416686 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [11/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 1. a) Synthetic strategy for the preparation of HFZ. The SEM images of b) Fe3O4 nanoparticles, c) ZIF-67, d) Fe3O4/ZIF-67, e) HFZ. The TEM
images of f) Fe3O4/ZIF-67, g) and h) HFZ. i) EDS elemental mapping images of HFZ.

magnet, facilitating the collection, recycling, and reuse of the
catalyst.

As a refractory organic pollutant, Rh B released into water can
cause cancer in humans, pollute water and soil, and harm the
ecosystem. Therefore, in our study, Rh B was selected as a model
organic contaminant to assess the performance of HFZ in acti-
vating PMS as a catalyst. Before the actual experiment of evalu-
ating catalytic performance, the dye enrichment effect of the in-
dividual components of the core-shell structure was conducted
(Figure S3, Supporting Information). It was observed that the ad-
sorption capacities of Fe3O4 nanoparticles and ZIF-67 for Rh B
were relatively low, with maximum values of 1.5 and 14.3 mg g−1,
respectively. This low adsorption is likely due to the large molec-
ular structure of Rh B, resulting in minimal interaction with the
surfaces of these materials. In contrast, HOF exhibited a high
adsorption capacity for Rh B, reaching 265.3 mg g−1. This high

capacity can be attributed to the high porosity and porous struc-
ture in addition to the electrostatic interaction between cation-
ically charged dye and HOF.[15] These results suggest that the
HOF shell in the composite material effectively enriches the dye,
concentrating Rh B which might be promising for dye degrada-
tion. The effectiveness of different systems in removing Rh B was
then analyzed, and the results are shown in Figure 3a and Figure
S4 (Supporting Information). Fe3O4 and ZIF-67 alone exhibited
negligible removal efficiencies (1.6% and 3.1%, respectively). The
HFZ system, however, achieved a 12.6% reduction in Rh B within
20 min. This reduction may be attributed to the HOF shell of
HFZ adsorbing Rh B, as HOF alone also showed considerable
adsorption of Rh B. The Rh B removal rate with PMS alone was
just 8.6%, suggesting that PMS by itself cannot be effectively ac-
tivated to generate free radicals. In the Fe3O4 and PMS system,
14.2% of Rh B was removed, indicating that Fe3O4 by itself is not
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Figure 2. a) The XRD patterns of Fe3O4, HOF, ZIF-67, and HFZ. b) The FT-IR spectra of Fe3O4, HOF, ZIF-67 and HFZ. c) Electrochemical impedance
spectroscopic (EIS) analysis and d) Tafel polarization curves of HFZ and HOF-on-ZIF-67. e) Magnetic hysteresis loops of Fe3O4 and HFZ. And HFZ has
excellent magnetic separation using an external magnet (30 s).

highly effective in activating PMS. The HFZ together with PMS
removed 72.4% of Rh B within 1 min, with the removal efficiency
reaching up to 97.5% after 3 min of reaction and nearly com-
plete removal within 10 min. This demonstrates that HFZ plays
a crucial role in activating PMS, leading to the rapid removal of
Rh B. Initially, as shown in Figure 3a, the dye degradation effi-
ciency of ZIF-67 activated PMS appears almost the same as that
of HFZ. As the total amounts (mass) of HFZ and ZIF-67 used in
the experiments were the same, the actual amount of activating
ZIF-67 in HFZ is less than that in pure ZIF-67. This actually indi-

cates that HFZ-activated PMS is more efficient, as it contains less
ZIF-67 compared to pure ZIF-67. This demonstrates that intro-
ducing Fe3O4 can enhance electron transfer between cobalt ions
and accelerate the degradation rate of organic matter. We com-
pared the efficiency of HFZ with some literature known related
systems (Figure 3b) and demonstrated a new, efficient dye degra-
dation system. The values for CuS-PVP@ZIF-67, MnFe2O4/ZIF-
67, CuFe2O4@ZIF-67, Fe3O4-PVP@ZIF-67, NF/ZIF-67, and cal-
ZIF-67/Ac in Figure 3b were taken from literatures cited as in the
reference section.[21]
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Figure 3. a) The removal of Rh B using different systems, reaction condition: Rh B; 50 mg L−1, 100 mL, 1.5 mm PMS, rt., pH = 7. b) Comparison of
HFZ/PMS system with other reported MOF-based and/or metal oxide catalysts in Rh B removal.

To further explore the performance of HFZ, we analyzed the
effects of Rh B concentration, PMS contents, HFZ dosages, and
solution conditions on degradation efficiency. Figure 4a shows
the effect of a constant amount of HFZ in degrading different
initial concentrations of Rh B (25 to 150 mg L−1) keeping the
PMS concentration and the pH constant. As the concentration
of Rh B increased from 25 to 150 mg L−1, the removal efficiency
dropped significantly from 97% to 6% within 1 min, accompa-
nied by a decrease in the rate constant of degradation k from 3.35
to 0.064 min−1 (Figure S5, Supporting Information). The removal
of Rh B in higher concentrations (150 mg L−1) took longer and
reached ≈64% degradation in 10 min. After this time, the rate
of dye reduction decreased from 3.2 to 0.1 mg min−1, resulting
in a total reduction of 74% after 20 min. At Rh B concentrations
up to 50 mg L−1, full removal occurred within 10 min. Figure 4b

illustrates how varying PMS dosages influence the degradation
of Rh B, using a constant concentration of 50 mg L−1 and a fixed
amount of HFZ. With a PMS dosage of 0.5 mm, 27% of Rh B
was eliminated in 1 min, and the efficiency increased to 77.3% af-
ter 20 min, indicating that the catalytic performance was unsatis-
factory with insufficient PMS concentration. As the PMS dosage
rose from 0.5 to 1.5 mm, the catalytic performance was signifi-
cantly enhanced, and the degradation rate constant k shifted from
0.197 to 0.825 min−1 (Figure S6, Supporting Information). At
a PMS dosage of 1.5 mm, Rh B is almost completely removed
within 10 min. However, raising the PMS dosage to 2.5 mm re-
sulted in only a slight improvement in Rh B removal, with the
k value reaching 0.876 min−1. Therefore, considering both eco-
nomic and practical factors, 1.5 mm PMS is selected as the opti-
mal dosage for catalytic degradation.

Figure 4. Effect of a) initial concentration of Rh B, b) PMS dosage, c) catalyst HFZ content, and d) the value of pH on rhodamine removal efficiency.
Reaction condition: 100 mL Rh B = 50 mg L−1, PMS = 1.5 mm, HFZ = 150 mg L−1, pH = 7, rt.

Adv. Funct. Mater. 2024, 2416686 2416686 (5 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Removal of Rh B by HFZ/PMS system in river water, reaction condition: 100 mL 50 mg L−1 Rh B, PMS = 1.5 mm, HFZ = 150 mg L−1, pH =
7, rt. b)Removal of different organic pollutants by HFZ/PMS system, reaction condition: 100 mL 50 mg L−1 organic pollutant, PMS = 1.5 mm, HFZ =
150 mg L−1, pH = 7, rt.

The effect of different HFZ contents on Rh B degradation,
while keeping the amounts of PMS and Rh B concentration the
same, is shown in Figure 4c. The results show that a higher
HFZ amount enhances the degradation of Rh B. With the catalyst
amount rising from 50 to 200 mg L−1, the Rh B removal efficiency
improved accordingly. The pseudo-first-order reaction rate con-
stant also confirms this conclusion. The reaction rate constants k
under different HFZ dosages were 0.456, 0.583, and 0.825 min−1

(Figure S7, Supporting Information), respectively. This is due
to the enhanced availability of active sites in the reaction sys-
tem, which facilitates PMS activation and produces more reactive
oxygen species. However, compared with the catalyst content of
150 mg L−1, the rate constant of 200 mg L−1 only increased by
0.04 min−1, and there was no significant improvement. This may
be because the partially saturated active site in the 200 mg L−1

catalyst is not used when the amount of PMS is limited. Consid-
ering the catalyst cost factors, the optimal catalyst dosage selected
in this study is 150 mg L−1.

The starting pH value is a crucial factor influencing the cat-
alytic performance of the HFZ/PMS system. Therefore, its effect
was evaluated at pH 3, 5, 7, 9, and 11 (Figure 4d). At pH = 7,
the Rh B removal efficiency reaches its peak, achieving 100% re-
moval within 10 min. At pH = 5, 97.6% of Rh B was removed
within the same time. At pH values of 3 and 9, more than 94% of
Rh B was removed within 10 min. When the pH is raised to 11,
the removal efficiency drops significantly, with only 2% of Rh B
removed in 1 min, 18.1% within 10 min, and 38.4% by 20 min.
This trend is also reflected in the reaction rate constants. At pH
values of 3, 5, 7, and 9, the degradation rate constant k is 0.529,
0.598, 0.825, and 0.448 min−1, respectively. And when pH = 11,
the reaction rate constant is only 0.0165 min−1(Figure S8, Sup-
porting Information). This reduced efficiency at high alkalinity
is likely due to PMS self-decomposing without producing SO4•−,
thus lowering the degradation efficiency of Rh B.[22] It is clear that
the HFZ/PMS system exhibits excellent catalytic activity across a
broad pH range (3–9), with the highest efficiency at pH = 7.

Therefore, to further explore the application of the HFZ sys-
tem in actual water bodies, we also conducted an experiment to
evaluate the removal of Rh B by the HFZ/PMS system in river
water taken from the Roter main river in Bayreuth, Germany,
the pH value of the river water is 7.98 (Figure 5a). Compared
with laboratory pure water, the removal process of Rh B in the

river water in the early stage of the reaction is relatively slow
(52.8%). The removal efficiency increased to 99% when the reac-
tion lasted for 10 min (k = 0.437 min−1) and completed degra-
dation in ≈20 min (Figure S9, Supporting Information). This
demonstrates that HFZ can maintain high PMS activation per-
formance in real water, indicating the potential for practical ap-
plication of the HFZ/PMS system.

The system was also evaluated using four typical organic
pollutants: methylene blue (MB), tetracycline (TC), bisphenol
A (BPA), and Congo red (CR). Their chemical structures can
be found in Figure S10 (Supporting Information). The adsorp-
tion capacities of HOF for these pollutants were 314.7 mg g−1

for MB, 365.1 mg g−1 for TC, 530.1 mg g−1 for BPA, and
111.1 mg g−1 for CR. The observed enrichment is generally
attributed to a combination of the material’s porous structure
and electrostatic interactions. Notably, the negatively charged CR
showed the lowest adsorption, likely due to unfavorable elec-
trostatic interactions. In the actual experiment, the removal ef-
ficiencies of MB, TC, BPA, and CR within 20 min using the
HFZ/PMS system were 100%, 96.7%, 95.9%, and 98%, re-
spectively (Figure 5b). This demonstrates that the HFZ/PMS
system is effective for decomposing a variety of organic
pollutants.

To better understand the reactive oxygen species generated
during the reaction and the Rh B removal process, scavenger ex-
periments were conducted. Methanol (MeOH) and tert-butanol
(TBA) are well-known scavengers for SO4• − and ·OH radicals.[23]

Furfuryl alcohol (FFA) is commonly used as a scavenger for non-
free radical 1O2, while sodium azide (NaN3) helps identify 1O2,
SO4• −, and ·OH.[24] The results, depicted in Figure 6a indicate
that 1 m MeOH and TBA respectively inhibited Rh B degrada-
tion. Within 10 min, the efficiency of Rh B degradation declined
to 87.1% and 94.6%, respectively. The result shows that PMS pro-
duced SO4

• −and ·OH, respectively, during the reaction process.
However, the addition of TBA only slightly inhibited the removal
of Rh B during the reaction, indicating that ·OH has no signif-
icant role in the reaction. With the addition of 10 mm FFA to
the reaction system, the Rh B degradation efficiency dropped to
51.7% within 10 min which indicated that non-free radicals 1O2
were also produced. Also, with the addition of 10 mm NaN3, Rh
B could hardly be degraded. Those results confirm that the reac-
tive oxidation species SO4

• −, ·OH, and 1O2 are generated, among

Adv. Funct. Mater. 2024, 2416686 2416686 (6 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) The removal of Rh B in different scavenger systems. EPR spectra of b) ·OH, SO4
• − and c) 1O2 in Rh B solution. Reaction condition: 100 mL

50 mg L−1 Rh B, PMS = 1.5 mm, HFZ = 150 mg L−1, pH = 7, rt. d) Possible degradation mechanism of Rh B in HFZ/PMS system.

them, SO4
• − and 1O2 being the main contributors to Rh B degra-

dation.
Electron paramagnetic resonance (EPR) experiments were

used to further identify the reactive oxidation species that may
form during the degradation process of Rh B, to prove the
aforementioned result. SO4

•−, ·OH, and 1O2 were captured us-
ing 5, 5-dimethyl-1-pyrroline (DMPO) and 2, 6, 6-tetramethyl-
4-piperidone (TEMP). As shown in Figure 6b, when we used
DMPO as the capture agent to verify the presence of SO4

• −,
·OH, we found that there is only one DMPOX (5,5-dimethyl-2-
oxo-pyrrolidine-1-oxy), the seven-element signal peak. But this
does not mean that SO4

• − and ·OH are not produced during
the reaction. This is attributed to the ultrafine splitting of DMPO
oxidation products, indicating that DMPO may be strongly ox-
idized by SO4

• −, ·OH, and other strong oxidants during the
reaction.[10,25] When TEMP was used as the capture agent for EPR
experiments (Figure 6c), a triple signal peak was successfully de-
tected, which was the characteristic peak of TEMP-1O2. This re-
sult confirmed the generation of 1O2 during the reaction.[26]

Combining the above experimental results, the possible degra-
dation mechanism of Rh B removal by HFZ/PMS was proposed.
The results are shown in Figure 6d. Rh B is adsorbed to the
catalyst surface due to the porous structure and electrostatic in-
teraction of the HOF shell, leading to the enrichment of Rh B
molecules on the catalyst surface. This process effectively short-
ens the reaction pathway during the degradation process. Co2+

can activate HSO5
– producing SO4

• − and ·OH.[27] The cobalt
ions in the ZIF-67 core of HFZ can switch between Co2+ and
Co3+ states and 1O2 is produced by the breaking of O─O bond
in HSO5

–.[21b,28] Besides, during the entire reaction process, the

magnetic Fe3O4 as the electron donor in the HFZ supports the
charge transfer and promotes the cycling between Co2+ and Co3+,
which on reaction with PMS generates SO4

• −, thereby speeding
up the removal rate of Rh B.

To evaluate the reusability of HFZ in PMS activation, five Rh
B degradation cycles were performed (Figure 7a). After five cy-
cles, the removal efficiency of Rh B can still reach 93.6%. More
importantly, the XRD patterns show that the crystal structure
of HFZ does not change significantly between the fresh and
after use (Figure 7b). The above results demonstrated that HFZ,
as a catalyst for activating PMS, exhibited high recyclability and
good stability. Moreover, after 5 cycles of use, inductively coupled
plasma optical emission spectrometry (ICP-OES) detected only
0.14 mg L−1 cobalt ion leaching, which indicates that under the
protection of the HOF shell, cobalt ion leaching problems can be
effectively slowed down during use.

The possible degradation pathways of Rh B during the degra-
dation process were analyzed using high-pressure liquid chro-
matography and mass spectroscopy (HPLC-MS), and the inter-
mediates and their m/z values were identified (Figure S11, Sup-
porting Information). According to the experimental results and
previous reports, the degradation pathway of Rh B is mainly
divided into four processes as shown in Figure S12 (Support-
ing Information).[29] First, N-de-ethylation generates m/z = 387,
m/z = 359, and m/z = 331 intermediates, and then the chro-
mophore structure is broken and degraded (m/z= 255, 213, 212).
With the conjugated chromophore structure upon destruction,
the reaction mixture becomes more complex, and a subsequent
ring-opening process occurs, producing some primary oxidation
products (m/z = 148, 99, 83), which are further degraded into
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Figure 7. a) Reusability of HFZ activated PMS for degradation of Rh B. b) The XRD patterns of HFZ between the fresh and after use.

smaller compounds (m/z = 74). The subsequently formed oxi-
dation intermediates are further mineralized into water, carbon
dioxide, and other small molecule compounds of inorganic salt.

3. Conclusion

In this study, a magnetic HOF-on-MOF core-shell catalyst (HOF-
on-Fe3O4/ZIF-67) with ZIF-67 incorporating magnetic Fe3O4 as
the core was successfully created and characterized for its mor-
phology and crystal structure using SEM, TEM, XRD, and FT-IR.
Under optimal conditions (Rh B= 50 mg L−1, HFZ= 150 mg L−1,
PMS = 1.5 mm, pH = 7, room temperature), the HFZ/PMS sys-
tem achieved complete Rh B degradation within 10 min, demon-
strating high catalytic activity across a broad pH range (3–9). Un-
der the protection of the HOF shell, the amount of cobalt ion
leached out was negligible (0.14 mg L−1 after 5 cycles). In addi-
tion, the catalyst shows satisfactory catalytic effect in different wa-
ter quality and can degrade different types of organic pollutants,
which provides a basis for its application in practice use. By scav-
enger experiments, EPR and HPLC-MS the reactive oxidation
species produced during the reaction investigated and suggested
a potential mechanism for Rhodamine degradation. In conclu-
sion, this strategy offers new insights for developing core-shell
MOF-HOF structure composite materials.

4. Experimental Section
Preparation of Fe3O4 Nanoparticles: The preparation of the particles

was based on previously reported literature.[30] In brief, 5 mmol of
FeSO4⋅7H2O and 5 mmol of FeCl3⋅6H2O were mixed with 15 mL of Milli-
Q water to form a clear orange solution which was then added dropwise to
20 mL of 3.5 mol L−1 ammonia water at 60 °C. After ultrasound irradiation,
the contents were reacted for 30 min, after which the black nanoparticles
were separated and collected using a magnetic, repeatedly washed with
water and methanol, and vacuum dried at 65 °C overnight.

Preparation of HOF: 100 mg 6,6′,6″,6‴-(Pyrene-1,3,6,8-
tetrayl)tetrakis(2-naphthoic acid) (H4TNAPy) was dissolved in 30 mL of
DMF under heating at 120 °C for 2 h to get a clear yellow solution[15].
Once cooled to room temperature, the solution was added to acetone
(200 mL) and kept on stirring (≈270 rpm) for 12 h. Afterward, a yellow
powder was isolated by centrifugation at 8500 rpm for 5 min. The obtained
yellow powder was further washed with acetone (3 × 30 mL) and then
dried at ambient conditions.

Preparation of ZIF-67: In a typical process, 0.145 g Co(NO3)2·6H2O
and 2.37 g of 2-MeIM were each dissolved in 12 mL of water forming so-
lutions A and B, respectively. Solution B was rapidly added to solution A
at room temperature and stirred for 12 h, resulting in the formation of
purple particles. These particles were separated by centrifugation, rinsed
with water and methanol (3 × 30 mL), and oven-dried at 80 °C to produce
ZIF-67 particles.

Preparation of HOF-on-Fe3O4/ZIF-67 (HFZ): 115 mg of Fe3O4 was
dispersed in water (16 mL) and named as solution A. Separately, 290 mg
of Co(NO3)2·6H2O and 4.7 g of 2-MeIm were dissolved in 16 mL of water
to create solutions B and C, respectively. At room temperature, solution
B was introduced into the solution A while stirring. After 1 h, solution C
was introduced to the mixture, and stirring continued for an additional
12 h. The Fe3O4/ZIF-67 particles were then collected using a magnet for
later use. Next, 100 mg of H4TNAPy was dissolved in 30 mL of DMF and
heated at 120 °C for 2 h to obtain a clear yellow solution. After cooling to
room temperature, this solution was poured into 200 mL of a 500 mg L−1

Fe3O4/ZIF-67 acetone dispersion within 3 min while stirring at 270 rpm.
The suspension was stirred overnight. Finally, the HFZ particles were col-
lected using the magnet, washed with acetone (5 × 30 mL), and dried in a
vacuum oven at 80 °C. The preparation of HOF-on-ZIF-67 is the same as
HFZ except that there is no need to add solution A (Fe3O4), and solution
B was added directly to solution C.

Adsorption Experiment: For the adsorption experiments, the adsorbent
dosage, solution volume, temperature, and stirring speed were 10 mg,
20 mL, 25 °C, and 200 rpm, respectively. The amount of undegraded
dye was measured by UV–vis spectroscopy at an absorption wavelength
of 𝜆max = 555 nm and using a standard calibration curve. The following
Equation (1) was used:

qe = (C0 − Ce) ⋅ V ⋅ m−1 (1)

where qe (mg g−1): equilibrium adsorption; C0 (mg L−1): initial concen-
tration; Ce (mg L−1): residual concentration at equilibrium; V (L): volume
of Rh B solution used and m (g): mass of adsorbent used.

Catalytic Degradation Experiment: In a general reaction procedure,
100 mL, 50 mg L−1 of Rh B and PMS were added to the glass container,
and then the reaction was activated by adding a catalyst (HFZ). At a de-
sired time, 0.5 mL of the reaction solution was collected and immediately
mixed with 0.5 mL of methanol to quench the reaction. A UV–vis spec-
trophotometer was used to determine the reaction concentrations. All ex-
periments were conducted in triplicate.

Analytic Methods: The concentration of Rh B, MB, and TC in aque-
ous solution was measured by UV–vis spectrophotometer (Jasco Spec-
trometer V-670) at wavelength 555, 665, and 355 nm. The concentration
of BPA in aqueous solution was measured by HPLC-MS, a UV wave-
length of 230 nm. Rh B degradation intermediates were identified us-
ing high-pressure liquid chromatography-mass spectroscopy (HPLC-MS,
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VWR Chemicals, Germany), a welch ultimate C18 column (2.1 × 100 mm),
a UV wavelength of 555 nm, mobile phase water (eluent A)/methanol (elu-
ent B), gradient elution was listed as follows: 45% A/55% B (0–1.5 min),
25% A/75% B (1.5–14 min), 45% A/55% B (14–15 min), 45% A/55% B
(15–25 min).

The degradation efficiency of pollutants was calculated according to
Equation (2):

R % =
100% × (C0 − Ct)

C0
(2)

Which R is the degradation efficiency of pollutants (%), and C0 is the
concentration of pollutants at time 0, Ct is the concentration of pollutants
at time t (mg L−1).

And the kinetics of pollutants degradation process was investigated ac-
cording to the pseudo first-order kinetics Equation (3):

− ln
(

Ct

C0

)
= kt (3)

Where k is the degradation rate constant and t is the degradation time
(min).
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