
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 5

:0
0:

20
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Modulating ion m
State Key Laboratory of Chemo and Biosen

Engineering, Hunan University, Changsha 4

edu.cn

Cite this: Chem. Sci., 2025, 16, 15955

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th June 2025
Accepted 4th August 2025

DOI: 10.1039/d5sc04247j

rsc.li/chemical-science

© 2025 The Author(s). Published by
igration realizes both enhanced
and long-term-stable nanozyme activity for
efficient microplastic degradation

Pingping Wan, Guanghui Chen, Jinsong Fan, Wenlong Tan, Xu Li, Lang Chen
and Kun Li *

Degradation of microplastics represents a significant global environmental challenge, necessitating the

development of bio-inspired catalysts with superior activity and stability, capable of mimicking natural

plastic-degrading enzymes. Although nanozymes possess advantages such as low cost, ready availability,

and multienzymatic activities, issues of self-consumption often hinder their practical application. Here,

motivated by the acceleration of Li+ migration for improving the electrochemical reactivity and cycling

stability of lithium iron phosphate (LFP), we engineered LFP by introducing Mn2+ to expand the lattice

structure, resulting in Mn-doped LFP (LFMP) that modulates ion migration in nanozymes. Density

functional theory (DFT) calculations reveal that Mn2+ doping expands the lattice structure of LFP while

narrowing its bandgap, thereby significantly enhancing Li+ migration rates. Leveraging this design, LFMP

exhibits enhanced peroxidase-like activity (3 times higher than that of LFP) and cycling stability (80%

activity retention after 5 cycles versus 45% for LFP), enabling efficient degradation of microplastics made

from polyamide 6, high-density polyethylene, and polypropylene. By exemplifying that the degradation

efficiency achieved using LFMP nanozymes significantly exceeds that of traditional methods, we affirm

that lattice expansion-driven ion migration may inspire future strategies to circumvent the self-

consumption issue while maintaining high catalytic activity in nanozymes.
Introduction

As plastic waste degrades in the environment, it breaks down
into particles, bers, and fragments smaller than 5 mm,
collectively known as microplastics.1–4 Microplastics are
persistent pollutants that are widely distributed and can inl-
trate the human bloodstream, posing serious health risks.5–8 To
address the challenge of microplastic pollution, various
methods such as magnetic separation,9,10 microbial catabo-
lism,11,12 photocatalysis,13–15 and advanced oxidation processes
(AOPs)16,17 have been employed for degradation. Among them,
AOPs are particularly promising due to their rapid reaction rates
and the high-yield production of hydroxyl radicals (cOH), which
can effectively mineralize a wide range of plastics.18 However,
challenges remain, such as the poor recyclability of catalysts,
which increases the cost of plastic degradation, and the
potential for excessive Fe2+ to elevate chemical oxygen demand
(COD) levels in treated wastewater, leading to secondary pollu-
tion.19,20 Recent advances have also identied plastic-degrading
enzymes, such as Candida antarctica lipase B (CALB)21,22 and
leaf-branch compost cutinase (LCC),23–25 which have shown
sing, College of Chemistry and Chemical

10082, P. R. China. E-mail: kunli@hnu.

the Royal Society of Chemistry
promising progress in plastic degradation. Nonetheless, these
enzymes, typically derived from natural microorganisms, suffer
from limitations including poorly dened structures, inacces-
sibility, and instability. Therefore, there is an urgent need to
develop alternatives to natural plastic-degrading enzymes with
superior catalytic activity and stability for the effective degra-
dation of microplastics.

Given that the generation and utilization of free radicals are
involved in the primary mechanism of AOPs, nanozymes,26,27 as
articial enzymes that mimic natural enzyme activity, are
particularly promising due to their reliance on similar free
radical mechanisms.28,29 Besides, nanozymes offer several
advantages, including high catalytic activity, stability, and
recyclability.30,31 For example, Fe3O4 nanozymes exhibit peroxi-
dase (POD)-like activity, enabling the decomposition of H2O2 to
produce cOH.32 The radicals efficiently cleave C–C, C–H, and C–
O bonds in microplastics, leading to polymer chain fragmen-
tation. Consequently, hydrophilic bare Fe3O4 nanoparticles
were recently employed to efficiently degrade various micro-
plastics with a removal rate of up to 100%, and these nano-
particles can be easily recycled.33 However, as research
progressed, it was observed that the POD-like catalytic process
in Fe3O4 nanozymes is accompanied by electron transfer and
ion migration of internal atoms. Excessive oxidation of Fe3O4

nanozymes leads to a phase transition and a decline in catalytic
Chem. Sci., 2025, 16, 15955–15963 | 15955
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activity, posing a risk of self-depletion.34 Therefore, addressing
the issue of nanozyme self-consumption while maintaining
high catalytic activity by modulating the electron transfer and
ion migration is of paramount importance.

The issue of material self-consumption is not limited to
nanocatalysis but also occurs in electrochemistry. The oxidation
and reduction processes of a typical lithium battery material –
lithium iron phosphate (LiFePO4, LFP) – are accompanied by
the extraction and insertion of Li+ ions.35 Therefore, the variable
valence states of the Fe element endow LFP with POD-like
activity owing to the Fenton-like effect. However, Li+ migra-
tion is constrained by tetrahedral bridging, which limits its free
movement, causing LFP to undergo phase transition and cata-
lytic performance instability aer numerous cycles.36–38 To
improve the electrochemical reactivity and cycling stability of
LFP, conductivity enhancement or crystal structure optimiza-
tion methods have been employed to accelerate Li+ migration.
Notably, lattice expansion is an effective and promising alter-
native.39 We are thus inspired to directly regulate the lattice
expansion of LFP by introducing a transition metal element
similar to Fe (such as Mn) at Fe sites to enhance the POD-like
catalytic activity and long-term cycling stability of LFP. The
lattice expansion-accelerated Li+ migration was further illus-
trated. The accelerated migration of Li+ ions in Mn-doped LFP
Fig. 1 (a) Schematic illustration of the synthesis of LFMP using the co-pr
spectra (c), FT-IR (d), and XRD (e) of LFMP and LFP, respectively. HRTEM
and after Mn2+ doping (h).

15956 | Chem. Sci., 2025, 16, 15955–15963
(LFMP) nanozymes enables them to exhibit superior POD-like
catalytic activity and cycling stability. Finally, the highly stable
LFMP nanozymes were explored to degrade a couple of micro-
plastic pellets with superior degradation efficiency.
Results and discussion
Metal ion-doped lithium iron phosphate with lattice
expansion

LFP and LFMP were synthesized via co-precipitation (Fig. 1a).34

Themorphology of LFMP was initially examined using scanning
electron microscopy (SEM). Fig. 1b shows that LFMP has a rod-
like structure with an average length of approximately 300 nm.
Energy-dispersive X-ray spectroscopy (EDS) maps indicate that,
compared to LFP, elemental Mn is uniformly distributed on the
surface of LFMP particles alongside elements Fe, P, and O
(Fig. S1–S4). The presence of Mn is further conrmed by X-ray
photoelectron spectroscopy (XPS) (Fig. 1c). Fourier transform
infrared spectroscopy (FT-IR) reveals stretching and bending
vibrations of –OH around 3430 and 1647 cm−1, respectively
(Fig. S5), while the PO4

3− peaks of LFP are mainly located at
1300–500 cm−1 (Fig. 1d).40 The introduction of Mn2+ does not
alter the shape and position of the vibrational peaks. These
results substantiate the successful preparation of LFMP.
ecipitation strategy. (b) SEM image of the prepared LFMP. XPS full scan
images of LFMP (f) and LFP (g). Bond lengths of Fe–O and Li–O before

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Plots of the current of the reduction peak (Ip) of LFMP and LFP versus the square root of the electrode scanning rate (v1/2). Energy band
diagrams of LFP (b) and LiFe0.875Mn0.125PO4 (c).
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Subsequently, measurements of the crystal plane spacing
and calculations of the cell volume were used to analyze
whether the introduction of Mn2+ could induce lattice expan-
sion of LFP. X-ray diffraction (XRD) measurement demonstrates
that the samples are pure, with all diffraction peaks slightly
shiing to lower angles upon Mn introduction (Fig. 1e). This
shi occurs because the radius of Mn2+ (0.83 Å) is slightly larger
than that of Fe2+ (0.78 Å) in the octahedral coordination envi-
ronment.41 The high-angle annular dark-eld scanning trans-
mission electron microscopy (HAADF-STEM) images (Fig. 1f, g
and S6) reveal distinct lattice fringes, with lattice spacings of
0.427 and 0.419 nm for LFMP and LFP, respectively, corre-
sponding to the (101) plane (PDF#81-1173). This result indicates
that the doping of Mn2+ can increase the lattice spacing of LFP.
Furthermore, density functional theory (DFT) calculations
elucidate the effect of Mn2+ introduction on the cell volume of
LiFePO4. Using LFMP with 12.5% Mn doping as a model, the
analysis suggests that Mn2+ doping expands the lattice, result-
ing in a larger unit cell size (Table S1). The Fe–O and Li–O bond
lengths of LiFe0.875Mn0.125PO4 and LFP are shown in Fig. 1h.
Notably, both Fe–O and Li–O bond lengths increase upon the
introduction of Mn2+, reecting a weakening of Fe–O bond. This
weakening is expected to expand the Li+ migration channel,
thereby facilitating its diffusion.
Lattice expansion-accelerated Li+ migration in LFMP

The diffusion coefficient of Li+ reects the Li+ migration
behavior of LF(M)P.42,43 Therefore, CV curves of LFMP and LFP
were tested at different scanning speeds (Fig. S7). The current
intensities of their reduction peaks were recorded during
negative scanning, and the Li+ diffusion coefficients were
calculated using the Randles–Sevcik equation.44 Fig. 2a shows
that the current intensities of LFMP and LFP have a strong
linear relationship with the square root of the scanning speed,
indicating that the currents are diffusion-controlled. The Li+

diffusion coefficients for LFMP and LFP were determined to be
1.04 × 10−6 and 4.83 × 10−7 (cm2 s−1), respectively, suggesting
an increased Li+ diffusion coefficient in LFP aer Mn2+

doping.45

Additionally, the increased Li+ diffusion coefficient
promotes Li+ migration in LF(M)P, preventing phase transitions
© 2025 The Author(s). Published by the Royal Society of Chemistry
during recycling and enhancing conductivity. Therefore, the
band gap widths (Eg) of LFP and LiFe0.875Mn0.125PO4 were
calculated to be 0.88 and 0.42 eV, respectively (Fig. 2b and c). A
narrower band gap reduces the energy barriers for electron
movement, thus enhancing the material's conductivity. The
insertion and extraction of Li+ alter the distribution of Fe
species (Fe2+ and Fe3+) on the surface. Consequently, we
propose that the moderate introduction of Mn2+ can enhance
the POD-like activity of LFMP by accelerating Li+ migration,
thereby promoting the electron transfer between Fe2+ and Fe3+.
Meanwhile, the increased Li+ diffusion coefficient prevents
phase transitions in recycled LFMP, contributing to its
improved cycling stability.
Enhanced peroxidase-like activity and cycling stability of
LFMP

To verify that the accelerated Li+ migration enhances the POD-
like activity and stability of LFP, we compared the catalytic
activity of LFP nanozymes before and aer Mn2+ doping. The
POD-like activity of LFMP was examined using the chromogenic
reaction of 3,30,5,50-tetramethylbenzidine (TMB) and H2O2. The
solution changes from colorless to blue, exhibiting a distinct
absorption peak at 652 nm in the presence of both substrates,
TMB and H2O2 (Fig. 3a). In the absence of H2O2, the solution
color does not change, indicating that LFMP exhibits only POD-
like activity and not oxidase-like activity. Notably, phosphate
solution was used to provide a weakly acidic environment to
prevent the dissociation of LFP and LFMP, which interferes with
the catalytic activity (Fig. S8 and Section S5.1 in the ESI). In
addition, by comparing the POD-like activities of LFP, LFMP,
and LiMnPO4 under identical conditions (Fig. S9), we found
that the POD-like activity is correlated with the doping content
of Mn2+ in LFMP, while the contribution of Mn2+ in direct
peroxidase-like catalysis remains negligible. At a 5% Mn2+

doping ratio, LFMP exhibits approximately 3 times higher
catalytic activity than pristine LFP. This result is ascribed to the
increased affinity of LFP for TMB as LFMP is more negatively
charged than LFP, which is also veried by the interesting result
that the reaction system does not exhibit chromogenic activity
with the anionic ABTS46 (Fig. S10 and Section S5.3 in the ESI).
Meanwhile, explorations with alternative either redox or non-
Chem. Sci., 2025, 16, 15955–15963 | 15957
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Fig. 3 (a) UV absorption spectra and corresponding photographs (inset) of TMB under different conditions. LFMP + H2O2 + TMB (I); LFMP + TMB
(II); H2O2 + TMB (III); TMB (IV). (b) Relative activity of LFMP and LFP versus storage time. (c) The flowchart of the cyclic catalysis process of LF(M)P.
(d) Relative activity of LFMP and LFP for TMB oxidation after several catalytic cycles. (e) XRD patterns of cycled LFP and LFMP. Reaction conditions
for panels a to d: H2O2 (10 mM), TMB (0.42 mM), LFMP or LFP (50 mg mL−1), 0.2 M phosphate solution (pH = 4), 5 min reaction. Fe 2p spectra of
LFP (f) and LFMP (g) before reaction and after five cycles of catalysis. (h) Mn 2p spectra of LFMP and recycled LFMP. Michaelis–Menten curves of
LFMP and LFP with TMB (i) and H2O2 (j) as substrates, respectively. Radar plots of the three parameters (Km, Vmax, and Vmax/Km) of LFMP and LFP
with TMB (k) and H2O2 (l) as substrates, respectively. Reaction conditions for panels i to l: LFMP or LFP (10 mgmL−1), 0.2 M phosphate solution (pH
= 4), 5 min reaction. For panels i and k: H2O2 (50 mM). For panels j and l: TMB (1.68 mM).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 5

:0
0:

20
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
redox active metal ion dopants, including Ni2+, Co2+, and Zn2+,
resulted in diminished POD-like enzyme activity of LFP
(Fig. S11). Interestingly, a decrease in activity also occurred
15958 | Chem. Sci., 2025, 16, 15955–15963
when a larger ion, Na+, was used instead of Li+, indicating that
ion migration is essential for the enzyme-mimicking catalysis
(Fig. S11). In contrast, Mn2+ doping, which is favorable for Li+
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis absorption of oxTMB at 652 nm by adding different concentrations of DMPO (a) and p-BQ (b). Reaction conditions for panels a and
b: H2O2 (10mM), TMB (0.42mM), LFMP or LFP (50 mgmL−1), 0.2 M phosphate solution (pH= 4), 5 min reaction. ESR spectra of the DMPO/cOH (c)
and DMPO/cO2

− (d) spin adduct of LFMP and LFP in the presence or absence of H2O2. For panels c and d: LFMP + DMPO+H2O2 (I), LFP + DMPO
+ H2O2 (II), DMPO + H2O2 (III), DMPO + LFMP (IV), and DMPO + LFP (V). The solvent is either phosphate solution in panel c or CH3OH in panel d.
Reaction conditions for panels c and d: H2O2 (100 mM), DMPO (10 mM), LFMP or LFP (125 mg mL−1), 0.2 M phosphate solution (pH = 4) or
CH3OH, 5 min reaction. (e) Cyclic voltammetry curves of LFMP- and LFP-modified glassy carbon electrodes (GCE) in the absence of H2O2. (f)
Electrochemical impedance spectra of LFMP and LFP. (g) Cyclic voltammetry curves of the LFMP- and LFP-modified GCE in the presence of
H2O2. (h) Schematic diagram of the catalytic activity enhancement mechanism of LFMP.
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migration, enhances the catalytic performance. These results
conrm that the primary role of Mn2+ doping in LFMP is to
structurally facilitate the Fe2+/Fe3+ redox cycle rather than to
participate directly in H2O2 activation. Consequently, 5% Mn2+

doping was selected for subsequent experiments in this study.
Unless otherwise specied, LFMP hereinaer refers to
LiFe0.95Mn0.05PO4 nanozymes for simplicity.

In addition to catalytic activity, stability is a critical param-
eter for assessing the performance of POD-like enzymes. For
instance, the typical POD-like enzyme, Fe3O4, experiences
diminished activity upon recycling (Fig. S12), attributed to
phase transformation into g-Fe2O3 during prolonged catalysis.34

We then evaluated the storage stability and the cycling stability
of both LFMP and LFP nanozymes. Aer even one month, both
retained nearly unchanged enzymatic activity, indicating the
long-term stability of their catalytic properties (Fig. 3b).
However, aer ve reaction cycles, LFP retained only 45% of the
initial POD activity; in contrast, LFMP retained approximately
80% of the initial activity, with the observed decrease likely due
to unavoidable sample depletion during the cleaning process
(Fig. 3c and d). XRD patterns reveal that the composition of
recycled LFMP remains unchanged, whereas repeated catalytic
cycles induce a distinct structural transformation in LFP. The
newly emerged diffraction peaks exhibit perfect correspondence
with the reported FePO4 reference patterns in both peak posi-
tions and relative intensities (Fig. 3e),34 providing conclusive
evidence for the oxidative conversion of cycled LFP into FePO4.
These results demonstrate that LFMP has superior cycling
stability compared to LFP.

To further assess the structural stability of LFMP, XPS was
employed to investigate the surface chemical state changes of
© 2025 The Author(s). Published by the Royal Society of Chemistry
LFP and LFMP particles aer multiple catalytic cycles (Fig. 3f–
h). In the Fe 2p spectra, the primary peaks at 709.8 and 723.4 eV
correspond to Fe 2p3/2 and Fe 2p1/2 of LFP, respectively (Fig. 3f).
The tted peaks at binding energies of 709.5 and 723.3 eV are
attributed to Fe(II), while those at 711.9 and 727.1 eV correspond
to Fe(III); the peaks at 715.4 and 730.8 eV are identied as
satellite peaks of Fe 2p. Notably, aer ve catalytic cycles, the
surface Fe2+ content of LFP decreased from 58.1% to 0%, sug-
gesting that during successive POD-like reactions occurring on
LFP, the surface Fe2+ was completely oxidized to Fe3+, which led
to a signicant attenuation of POD-like activity. In contrast,
LFMP exhibited a 0.7 eV reduction in the binding energy of Fe
2p3/2 compared to LFP, indicating that Mn2+ doping results in
a higher proportion of Fe(II) on the particle surface (Fig. 3g).47

Aer catalysis, the Fe2+ proportion in LFMP decreased
marginally from 68.0% to 65.1%, while Fe3+ increased from
32.0% to 34.9%, indicating partial oxidation during the catalytic
process. Analysis of Mn 2p spectra reveals the presence of Mn
ions in various oxidation states on the surface of LFMP (Fig. 3h).
Specically, Mn2+ decreased from 59.8% to 47.0%, and Mn3+

decreased from 40.2% to 26.2%, along with the emergence of
Mn4+ aer catalytic cycles. This oxidation pathway originates
from electron transfer between Mn2+ and Fe3+, as evidenced by
the preserved Fe2+ population on cycled LFMP surfaces (Fig. 3g).
These ndings suggest that the introduction of Mn2+ helps
regulate the balance between Fe2+ and Fe3+, thereby accelerating
the electron transfer during the cyclic POD-like process. This
charge-balance regulation enables cycled LFMP to retain
predominant surface Fe2+ species, resulting in only marginal
activity loss (Fig. 3d). In stark contrast, undoped LFP suffers
from severe Fe3+ accumulation and compromised electron
Chem. Sci., 2025, 16, 15955–15963 | 15959
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mobility, leading to a signicant decrease in POD-like activity
(Fig. 3d). These ndings unequivocally demonstrate the pivotal
role of Mn2+ doping in preserving the catalytic integrity of
LFMP. Consequently, LFMP exhibits greater structural stability
aer cycling compared to LFP.

Next, aer guring out the optimal reaction conditions for
the POD-like activity of LFMP (Fig. S13), we further assessed its
catalytic performance through steady-state kinetics. The reac-
tion rates achieved using both LFMP and LFP increased initially
and then stabilized as the concentration of the substrate TMB
or H2O2 increased (Fig. 3i and j), with the trends being consis-
tent with the Michaelis–Menten equation. A smaller Km value
indicates that the nanozyme has a higher affinity for the
substrate. Compared to LFP, these enzymatic kinetic data
suggest that LFMP has a higher affinity and reaction rate for
TMB and H2O2 (Fig. S14 and 3k, l). Notably, LFMP demonstrates
superior catalytic activity compared to other reported Fe-based
nanozymes (Table S2).

Mechanisms of Li+ migration to regulate peroxidase-like
activity

To elucidate the ROS generation mechanism of LFMP, 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) and p-benzoquinone (p-
BQ) were employed to capture cOH and cO2

−, respectively.
Fig. 4a and b show a signicant decrease in absorbance at
652 nm upon the addition of DMPO or p-BQ. As the concen-
tration of DMPO or p-BQ increases, the absorption peak of
oxTMB gradually decreases. A similar decreasing trend in the
absorbance of oxTMB catalyzed by LFP is observed, suggesting
that cOH and cO2

− play crucial roles in the oxidation of TMB by
both LFMP and LFP. The presence of cOH and cO2

− was further
conrmed by electron spin resonance (ESR).48 In phosphate
solution, DMPO/cOH exhibits a quartet with 1 : 2:2 : 1 relative
intensity (Fig. 4c). Notably, the signal intensity of LFMP is
higher than that of LFP, indicating that LFMP generates more
cOH at the same time. When the reaction solution is methanol,
DMPO captures cO2

− during the reaction of LFMP or LFP with
H2O2 (Fig. 4d). Consequently, the electron transfer from H2O2

on LFMP leads to the production of cOH and cO2
−, which

involves the following two main processes:49

Fe2+ + H2O2 / Fe3+ + cOH + OH− (1)

Fe3+ + H2O2 / Fe2+ + cO−
2 + 2H+ (2)

As demonstrated in previous experiments, LFMP exhibits
stronger POD-like activity than LFP. To reveal the electron
transfer process during redox reactions, we investigated the
electrochemical behavior of LFMP and LFP. Cyclic voltammetry
(CV) curves were recorded for the glassy carbon electrodes (GCE)
modied with LFMP or LFP, with the intensity of the redox
peaks in the CV curves reecting the rate of electron transfer
between Fe2+ and Fe3+ (Fig. 4e). The intensity of the redox peaks
for electrodes modied with LFMP is stronger than that of LFP,
suggesting that Mn2+ doping accelerates the electron transfer
rate between Fe2+ and Fe3+.50 This nding is consistent with the
15960 | Chem. Sci., 2025, 16, 15955–15963
electrochemical impedance spectroscopy results (Fig. 4f), where
the radius of the LFMP electrode is smaller than that of the LFP
electrode, indicating that Mn2+ doping reduces the charge
transfer resistance of LFP. Aer the addition of H2O2, the
current of the bare electrode shows minimal changes, while the
current intensity of the modied electrode signicantly
increases, with LFMP showing a pronounced enhancement
than LFP (Fig. 4g). Furthermore, the current intensity of the
electrode signicantly increases with higher H2O2 concentra-
tions (Fig. S15).

In summary, the mechanism of POD-like LFMP nanozymes
is given in Fig. 4h. Above ndings verify that Mn2+ doping
induces lattice expansion, which facilitates Li+ migration and
consequently enhances the POD-like activity of LFMP compared
to LFP. During the catalysis process, LFMP transfers electrons
from TMB to the substrate H2O2. Particularly, Mn2+ doping
accelerates the electron transfer between Fe2+ and Fe3+,
promoting the generation of more cOH or cO2

− radicals.
Increased efficiency in the degradation of microplastics

Magnetic Fe3O4 nanoparticles exhibit POD-like activity and
strong adsorption capabilities, not only demonstrating strong
affinity for microplastics but also catalytically generating cOH,
which mediates oxidative cleavage of critical C–C and C–H
bonds in polymer chains. This synergistic adsorption–degra-
dation mechanism establishes their broad applicability in the
degradation of microplastics.33,51 However, Fe3O4 can undergo
chemical changes under high-temperature or highly acidic/
alkaline conditions, potentially compromising its perfor-
mance.34 This instability mirrors the limitations of LFP (Fig. 3d),
whose weak cycling catalytic stability and readily deactivated
POD-like activity hinder its practical application in microplastic
degradation. In contrast, LFMP achieves high cycling stability
and POD-like activity by facilitating Li+ ion migration. More-
over, LFMP is composed of abundant and low-cost raw mate-
rials and is free of heavy metals, rendering it environmentally
benign. More importantly, we found that LFMP with POD-like
activity can still produce cOH at 180 °C, indicating that higher
temperatures do not compromise the structure and catalytic
activity of LFMP (Fig. S16). Therefore, although the negatively-
charged and hydrophilic LFMP cannot adsorb negatively-
charged and hydrophobic MPs,33 its enhanced catalytic activity
inspired us to use LFMP as a potential alternative to Fe3O4 for
plastic degradation. In this work, LFMP with POD-like activity
was further employed to degrade polyamide 6 (PA6), high
density polyethylene (HDPE), and polypropylene (PP) micro-
plastics (Fig. 5a), which were identied by optical microscopy as
irregular spherical particles with sizes ranging from 0.5 to
4.5 mm (Fig. S17). First, we optimized the microplastic degra-
dation efficiency by varying LFMP concentration, reaction
temperature, pH, H2O2 concentration, reaction time, and
microplastic concentration (Fig. S18).

When other external conditions were held constant, we
compared the degradation efficiencies of MPs treated by four
methods: heat treatment (heat), nanomaterial heat treatment
(LFMP), H2O2 treatment (H2O2), and nanozymatic catalysis
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Scheme of the degradation of MPs using peroxidase-like LFMP nanozymes. (b) Degradation efficiency of PA6 treated by various
methods at different temperatures. (c) TOC and mineralization rate of the degraded solution of PA6 by LFMP nanozymes at different
temperatures. Reaction conditions for panels b and c: LFMP (0.5 mg mL−1), H2O2 (250 mM), PA6 (5 mg mL−1), 0.2 M phosphate solution (pH 4),
8 h reaction. (d) Raman spectra of nylon pipes (I), plastic bottles (II), and centrifuge tubes (III). (e) Degradation of nylon pipes (I), plastic bottles (II),
and centrifuge tubes (III) through different treatments. Reaction conditions for panel e: LFMP (0.5 mg mL−1), H2O2 (250 mM), real-world plastics
(5 mg mL−1), 0.2 M phosphate solution (pH 4), 180 °C for I and II; 160 °C for III, 8 h reaction.
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treatment (LFMP + H2O2). Notably, the degradation efficiency
progressively increases with rising temperature (Fig. 5b and
S18b). At temperatures below the glass transition temperature
(Tg) of plastics, the scission of polymer chains becomes less
favorable.52,53 Even in the presence of nanozymes, the catalytic
process remains inefficient under such conditions due to their
reduced activity at low temperatures. The limited radical
concentration consequently restricts the nanozyme-catalyzed
plastic degradation reaction. At each reaction temperature,
the degradation efficiency of PA6 by heat is lowest; however, the
degradation efficiency of MPs is enhanced if H2O2 is introduced
and even higher if LFMP nanozymes are used (Fig. 5b). When
PA6 is treated with the nanozyme at 180 °C for 8 h, the weight
loss reaches 91.5%, which is much higher than that observed
for heat (30.9%), LFMP (33.0%), and H2O2 (52.4%). Moreover,
we calculated the mineralization rate (the percentage of plastic
completely converted into CO2, H2O2, and inorganic small
molecules) of PA6 microplastic degradation by testing the total
organic carbon (TOC) content in the degradation solution
(Fig. 5c and Section S10.2 in the ESI). The highest mineraliza-
tion rate of PA6 achieved by the nanozyme was 77.0% aer 12 h
© 2025 The Author(s). Published by the Royal Society of Chemistry
of reaction at 180 °C (Fig. S19). In addition, the degradation
products of PA6 were analyzed by GC-MS, as shown in Table S3,
mainly including aromatic hydrocarbons, ketones, esters, and
amides. The non-toxicity of the degradation products was veri-
ed by the normal growth of wheat seeds (Fig. S20). Meanwhile,
the LFMP nanozyme could be used to degrade HDPE and PP
powders, resulting in weight losses of 66.7% and 78.0%,
respectively (Fig. S21). Notably, the degradation efficiency of
MPs by LFMP nanozymes represents a signicant advancement
compared to previous methods for degrading microplastics
(Table S4). More importantly, the proposed nanozymes are cost-
effective to synthesize and stable during use.

Finally, the degradation of some daily-life plastics was eval-
uated to verify the practicability of LFMP. Nylon pipes, plastic
bottles, and centrifuge tubes were sliced prior to the identi-
cation of their compositions by Raman spectroscopy (Fig. 5d),
which were consistent with those of PA6, HDPE, and PP stan-
dard samples (Fig. S22). The degradation efficiencies of nylon
tubes, plastic bottles, and centrifuge tubes by the nanozyme
reached 79.0%, 55.2%, and 57.3% weight loss, respectively
(Fig. 5e). In contrast, the degradation efficiencies of nylon
Chem. Sci., 2025, 16, 15955–15963 | 15961
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tubes, plastic bottles, and centrifuge tubes were only 30.9%,
8.8%, and 7.7% weight loss aer heat treatment.

Conclusion

In this study, we successfully engineered LFP by substituting Fe
sites with large-radius Mn2+ ions to synthesize Mn-doped LFP,
which exhibits superior POD-like activity. This substitution
resulted in lattice expansion, signicantly improving both the
natural enzyme-like activity and cycling stability compared to
pristine LFP. The lattice expansion facilitates the migration of
Li+ ions, thereby enhancing the Li+ diffusion coefficient and
further accelerating electron transfer between Fe2+ and Fe3+.
This modulation of ion migration in nanozymes not only
addresses the self-consumption issue but also maintains high
catalytic capability. LFMP demonstrated highly efficient degra-
dation of plastic micropellets and real-world fragments
including PA6, HDPE, and PP. This work highlights the poten-
tial of LFMP as a promising nanozyme for the degradation of
microplastics, offering a signicant contribution to the research
and application of nanozymes in addressing environmental
challenges.
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