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The interaction of surface electron distribution-
polarized Fe/polyimide hybrid nanosheets
with organic pollutants driving a sustainable
Fenton-like process†

Lai Lyu, Kanglan Deng, Junrong Liang, Chao Lu, Tingting Gao, Wenrui Cao and
Chun Hu *

Many organic pollutants are rich in electrons, which are not used in the current pollutant removal

technology, resulting in high energy consumption and low efficiency. To achieve a sustainable

conversion of pollutants using Fenton-like technology, surface electron distribution-polarized lotus

flower-like Fe-doped polyimide hybrid nanosheets (lf-Fe/PI HNs), a Fenton-like catalyst, are first

developed for electron transfer and storage between pollutants and H2O2. Fe2+/Fe3+ ions are found in the

framework of lf-Fe/PI HNs and directly bond with the C and N species of polyimide to form C–Fe–N–C in a

closed loop. The experimental results and theoretical calculations demonstrate that electron-rich Fe and

electron-deficient C areas are produced in the C–Fe–N–C of lf-Fe/PI HNs. This novel structure type in

Fe-based materials leads to an excellent Fenton-like catalytic performance and efficiency for the

refractory pollutant degradation under neutral conditions. The reaction rate is found to be 7–10 times

higher than that of the conventional Fe-based Fenton-like catalyst. The reaction mechanism revealed

that H2O2 is reduced to �OH radicals (further attacking pollutants) in the electron-rich Fe areas, and

pollutants are mainly oxidized and degraded by providing electrons for the electron-deficient C areas.

Fe–N–C acts as a bridge for electron transfer and electron storage carriers between pollutants and H2O2.

This process enables the sustainable use of the electrons of pollutants, thereby greatly reducing the

energy consumption for water treatment.

Introduction

The classical Fenton reaction based on the reaction of hydrogen
peroxide (H2O2) with ferrous ions (Fe2+),1–3 which was first
discovered over 120 years ago, is still of special significance
for water treatment today.4 The most attractive part is the
generation of highly aggressive hydroxyl radicals (�OH, E0 =
2.80 V/NHE), which have been proved to be one of the most
powerful and environment-friendly species to attack organic
pollutants.5–8 Nevertheless, the widespread use of the Fenton
reaction is being limited by its bottleneck problems, including
the narrow pH range (pH 2–3) for normal reactions,9 and the
Fe-containing sludge generation due to the rate limitation of
electron recycling,10 which is considered secondary pollution
and requires additional treatment processes. To address these

problems, various types of heterogeneous Fenton-like materials
such as zero-valent transition metals,11 transition metal oxides,12,13

supported/doped transition metal solids,14–16 and single atom
catalysts17 were developed. These catalysts have demonstrated to
be useful alternatives due to their good separability and the
avoidance of Fe-containing sludge production.18 However, the
heterogeneous Fenton-like process does not deviate from the basic
principles of the classical Fenton reaction, and so the rate-limiting
step upon the reduction of the stationary RFe3+ to RFe2+ still
exists in the reaction process,19 which results in poor activity under
neutral conditions and the excessive consumption of H2O2 as
electron donors with a low H2O2 utilization efficiency.18 These
problems have seriously hindered the application of heterogeneous
Fenton catalysts.20

Our former research on Cu-based heterogeneous Fenton-like
systems19–21 has shown that these problems could be overcome
by forming s-Cu2+-complexes on the surface of catalysts for
aromatic pollutant degradation. On this basis, we developed a
series of metal Cu–organic catalysts to construct the C–O–Cu
bonding bridge and induce the generation of dual-reaction-centers
(DRCs) with electron-rich and electron-deficient areas,22–24 which

Institute of Environmental Research at Greater Bay Area, Key Laboratory for Water

Quality and Conservation of the Pearl River Delta, Ministry of Education,

Guangzhou University, Guangzhou 510006, China. E-mail: huchun@gzhu.edu.cn;

Tel: +86-20-39346609

† Electronic supplementary information (ESI) available: Supplementary Fig. 1–6
and supplementary Notes 1–4. See DOI: 10.1039/d0ma00374c

Received 4th June 2020,
Accepted 9th July 2020

DOI: 10.1039/d0ma00374c

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
26

 1
:2

5:
47

 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

http://orcid.org/0000-0002-5624-961X
http://orcid.org/0000-0003-3217-7671
http://crossmark.crossref.org/dialog/?doi=10.1039/d0ma00374c&domain=pdf&date_stamp=2020-07-24
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00374c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA001005


1084 | Mater. Adv., 2020, 1, 1083--1091 This journal is©The Royal Society of Chemistry 2020

resulted in a significant increase in the activity of the catalyst and a
great increase in the utilization efficiency of H2O2 (up to B90%).
However, the toxicity of Cu is much stronger than that of Fe,
resulting in the uneasy application of the Cu-based catalyst for
water treatment. The development of Fe-based DRC catalysts is the
most appropriate choice for sustainable water treatment.

In addition to our work on Cu-based systems, surface com-
plexation25 and organometallic polymerization26,27 have also
been reported to promote the activities of Fe-based Fenton-like
catalytic systems. These studies imply the key roles of the
interactions of Fe and N species. We have also explored the
complexation of Fe with N-graphene and g-C3N4. Unfortunately,
their Fenton activities for pollutant degradation are far from
satisfactory under neutral conditions due to their inability to
form the key bonding bridge to induce the generation of surface
electron-rich/deficient areas. Polyimide (PI) is considered as an
attractive high-performance polymer, which contains many benzene
rings with p electrons and imide rings (–CO–NH–CO–) in the main
chains. Furthermore, the precursor of PI can be transformed into
aqueous solution by facile chemical modification.28–30 The special
complexation may be easier to achieve before Fe and N-containing
substrates.

In this work, we report for the first time a new Fe-containing
catalyst consisting of lotus flower-like Fe-doped polyimide
hybrid nanosheets (lf-Fe/PI HNs) prepared by a hydrothermal
one-pot polymerization process. lf-Fe/PI HNs exhibit high
Fenton-like catalytic efficiency for organic pollutant removal
by inhibiting H2O2 overoxidation under neutral conditions. X-ray
photoelectron spectroscopy (XPS), extended X-ray absorption fine
structure (EXAFS) and Fourier-transform infrared spectroscopy
(FTIR) analyses reveal the microstructure information of lf-Fe/PI
HNs and prove the bonding of Fe with C and N of polyimide to
form C–Fe–N–C bridges. Electron paramagnetic resonance (EPR)
and density functional theory (DFT) calculations reveal that
electron-rich Fe and electron-deficient C areas are produced in
the C–Fe–N–C of lf-Fe/PI HNs, which is the key factor for the
enhancement of the sustainable Fenton-like reaction. Fe–N–C
acts as the bridge for the electron transfer and electron storage
carrier between pollutants and H2O2. An effort to uncover the
novel reaction mechanism has also been undertaken in detail.

Results and discussion
Fabrication and fine microstructure of lf-Fe/PI HNs

In this study, lotus flower-like Fe-doped polyimide hybrid
nanosheets (lf-Fe/PI HNs) are fabricated by a hydrothermal
polymerization process (see the Methods section for more
details). As illustrated in Fig. 1, ethylenediamine (EDA) and
pyromellitic dianhydride (PMDA) are used to react with N,N-
dimethylformamide (DMF) to form linear polyamic acid polymer
chains (LPAPCs). The iron source is introduced into LPAPCs under
the protection and dispersion of glucose to form the precursor of
the as-prepared polymer, which undergoes the dehydration–
condensation reaction through a hydrothermal process. After further
washing and drying, lf-Fe/PI HNs are fabricated. As a reference, the

pure PI sample was also prepared using the same method as
described above without adding the iron source and glucose.

Scanning electron microscopy (SEM) images (Fig. 2a) show
that lf-Fe/PI HNs clearly exhibit polymeric 3D architectures
constructed using 2D nanosheets with a diameter of B2.0 mm
and a thickness of B25 nm. The great number of stacking
nanosheets with a highly ordered arrangement enabled lf-Fe/PI
HNs to exhibit a lotus flower-like morphology. Transmission
electron microscopy (TEM) images of lf-Fe/PI HNs (Fig. 2b)
further confirm the neatness and orderliness of the self-arranged
nanosheets and disclose the presence of numerous micropores
and apertures between the nanosheets in lf-Fe/PI HNs. More-
over, no impurity clusters were found even at the edge of the
nanosheets, indicating the well crystalized framework of lf-Fe/PI
HNs. Fig. 2c shows the elemental mapping analyses of lf-Fe/PI
HNs from SEM, which demonstrates the existence of the C, N, O
and Fe elements in the structure of the catalyst. The mapping of
Fe further shows that the doped Fe species are uniformly
dispersed in lf-Fe/PI HNs. Fig. S1 (ESI†) shows the N2 adsorp-
tion–desorption isotherm of lf-Fe/PI HNs as well as its and BJH
pore size distribution. The adsorption–desorption isotherm of
lf-Fe/PI HNs has a hysteresis loop, belonging to a typical IV-type
isotherm. In addition, the surface area of lf-Fe/PI HNs obtained is
19.8 m2 g�1 and the most distributed pore diameter is B3.62 nm,
indicating that lf-Fe/PI HNs possess a typical mesoporous structure.

Fig. 1 Schematic illustration of the synthesis route of lf-Fe/PI HNs.
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Fig. S2 (ESI†) shows the powder X-ray diffraction (XRD) patterns
of PI and lf-Fe/PI HNs. It is obvious that lf-Fe/PI HNs exhibit
similar XRD patterns to the pure PI sample, suggesting that the
skeleton structure of the substrate is well preserved with the
introduction of Fe. However, all of the diffraction peaks of lf-Fe/
PI HNs are slightly shifted compared to those of the pure PI
sample, indicating that the incorporated Fe has affected the
crystalline interplanar distance of the substrate.

The XPS spectrum in the Fe 2p orbital of lf-Fe/PI HNs is
shown in Fig. 3a. The binding energy peaks located at 710.6 and
724.4 eV are attributed to the formation of surface Fe2+

species.31 The weaker peaks at 712.7 and 726.8 eV correspond
to the surface Fe3+ species, which is also verified by the
occurrence of the satellite peak at 717.2 eV.32 The curve fittings
of the XPS spectrum showed that both Fe2+ and Fe3+ species
were generated on the surface of lf-Fe/PI HNs with the atomic
ratio of Fe2+/Fe3+ of 1.5 : 1. Fig. S3 (ESI†) exhibits the C 1s XPS
spectrum of lf-Fe/PI HNs. The binding energy peaks located
at 284.4, 285.4, 286.3 and 288.5 eV are attributed to the sp2

C–C/CQC, C–N, C–O– (from the adsorbing surface –OH) and
CQO bands in lf-Fe/PI HNs, respectively. The ratio of C–N to
C–O is 1 : 0.36. lf-Fe/PI HNs almost preserve all the C 1s XPS
characteristic peaks of PI (Fig. S4, ESI†), indicating the stable
carbon skeleton even after introducing Fe. Differently, the
binding energy corresponding to C–N in C 1s shifted to 285.4
from 285.8 eV and the C–N/C–O ratio decreased after the
incorporation of Fe species, indicating that the binding sites
of Fe species are relevant to the N atoms in lf-Fe/PI HNs. Fig. 3b
presents the N 1s spectra of PI and lf-Fe/PI HNs. The strong
peak in the PI spectrum centered at 400.5 eV originates from
the pyrrolic N based on the intrinsic structure characteristics
of PI. For lf-Fe/PI HNs, the binding energy peak shifted to
400.2 eV, which is largely due to the ligand N atoms of PI
coordinating to Fe, forming the pyridine-like Fe–N bonds in
lf-Fe/PI HNs.33 As expected, no obvious change was observed in
the peak intensity and the binding energy of O 1s corres-
ponding to CQO after the introduction of Fe (Fig. S5, ESI†),
which suggested that the binding sites of Fe species were
independent of the framework O atoms in lf-Fe/PI HNs.

To reveal the fine microstructure of lf-Fe/PI HNs and the
coordination environment of Fe, the Fourier-transformed EXAFS
signal magnitude curves at the Fe K-edge of lf-Fe/PI HNs were
collected and the fitting curves were calculated using Artemis
(Fig. 3c). The advanced fitting curves of the sample on [w(R)] and
Re[w(R)] spaces with several shells almost completely coincide
with those of the corresponding experimental signals of lf-Fe/PI
HNs and the R-factor in the fitting process is less than 0.02,
demonstrating the fitting credibility and certainty. Table 1
presents the finally obtained fitting information. The Fe–C
shell with a bond distance of (R) =1.68 Å and a coordination
number of (CN) = 1.0 and the Fe–N shell with R = 2.01 Å and
CN = 18.1 are observed on the first-shells, which are due to the
direct backscattering from C and N atoms, confirming the
formation of C–Fe–N bonds on lf-Fe/PI HNs. In addition to
the two first-shells, three other shells including the Fe–Fe shell
(R = 3.05 Å, CN = 3.9), Fe–C shell (R = 3.46 Å, CN = 16.3) and
Fe–O shell (R = 3.77 Å, CN = 11.0) are also observed. Obviously,
the Fe–Fe shell is attributed to the backscattering from the
close Fe atoms. The Fe–O shell is attributed to the Fe–CQO
bonds on lf-Fe/PI HNs. The Fe–C shell with the maximum
coordination number (16.3) is due to the backscattering from
multiple types of C atoms, which include the Fe–C–C bonds
and Fe–N–C bonds on the formed six-membered rings and
chains of lf-Fe/PI HNs. The EXAFS results clearly reveal the
coordination and bonding structures (Fe–N, Fe–C, C–Fe–N,
Fe–C–C, Fe–N–C and Fe–CQO) of lf-Fe/PI HNs.

The FTIR spectra of the prepared PI and lf-Fe/PI HNs
samples are shown in Fig. 3d. It is clear that both PI and lf-Fe/
PI HNs exhibit a series of characteristic peaks in the range of
500–1800 cm�1, which are caused by the characteristic vibration
of the basic group of the PI substrate. Typically, the strong
stretching vibration of the CQO bond is located at 1725 cm�1

and the asymmetric and symmetric stretching vibrations of the
C–N bond are located at B1390 cm�1 for the PI substrate.34 After
the introduction of Fe species, the CQO characteristic peak does

Fig. 2 Morphology and structure of lf-Fe/PI HNs. (a) SEM images with
different amplifications of lf-Fe/PI HNs. (b) TEM images with different
amplifications of lf-Fe/PI HNs. (c) Corresponding SEM elemental mapping
analysis for C, N, O and Fe of lf-Fe/PI HNs.
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not change, while the wavenumber of the C–N vibration peak
evidently shifts to 1393 cm�1 from 1390 cm�1, which confirms
that the introduced Fe does not rely on theQO site but connects
with the N site, forming C–N–Fe bonds in lf-Fe/PI HNs. The two
spectra of PI and lf-Fe/PI HNs display a broad absorption peak at
3400 cm�1 ascribing to the stretching vibrations of surface –OH
[n(OH)]. There is no change in the centered wavenumber for
n(OH) after introducing Fe, indicating no coordination occur-
rence between metal species and the surface –OH in lf-Fe/PI HNs.
Thus, all the evidence mentioned above reveal that the Fe species
was incorporated into the PI substrate framework and connected
to N to form Fe–N in a closed loop, rather than Fe–O–C bonds.

Formation of electron-rich Fe and electron-deficient C areas on
the lf-Fe/PI HN surface

Fig. 4a shows the EPR spectra of the prepared PI and lf-Fe/PI
HN solid samples, which are used to investigate the electronic
structural information of the catalysts. Only a very weak signal
is observed for the PI substrate, indicating that there are almost
no unpaired electrons on the PI structure, which confirms the
inertness of the delocalized p electrons in the PI structure.
However, a very strong and symmetrical signal appears on the
spectra of lf-Fe/PI HNs. The g value of this EPR signal is 2.004,
which is very close to the value of the free electrons
(B2.0023).35 This result indicates that the formed Fe–N draws
a lot of free electrons around the Fe species from the organic
ligand, forming electron-rich Fe areas in lf-Fe/PI HNs.

The valence-electron density (VED) distributions of the lf-Fe/
PI HNs are investigated by DFT calculations to obtain the
reactive site information. Fig. 4b (left) presents the optimum
geometric structure of the lf-Fe/PI HN model fragments
obtained with a Gaussian 09 package with a B3LYP functional.
Fig. 4b (right) shows the corresponding two-dimensional VED
color-filled map of the model obtained through Multiwfn
package. In the lf-Fe/PI HN model fragment, the largest VED
area occurs around the Fe species with the relative maximum
value (1.5 e Å�3) for the VED. Obviously, the maximum VED

Fig. 3 Local chemical environment and fine structure of surface elements. (a) Fe 2p XPS spectrum of lf-Fe/PI HNs. (b) N 1s XPS spectra of PI and lf-Fe/PI
HNs. (c) Fe K-edge EXAFS oscillation and its curve fitting of lf-Fe/PI HNs. (d) FTIR spectra of PI and lf-Fe/PI HNs.

Table 1 Structural parameters obtained from Fe K-edge EXAFS fittings for
lf-Fe/PI HNs

Sample Shell Ra (Å) CNb s2c (Å2) DE0d (eV) Rf
e

lf-Fe/PI HNs Fe–C 1.68 1.0 0.0121 �5.477 0.0106
Fe–N 2.01 18.1 0.0121 �5.477 0.0106
Fe–Fe 3.05 3.9 0.0121 �5.477 0.0106
Fe–C 3.46 16.3 0.0121 �5.477 0.0106
Fe–O 3.77 11.0 0.0121 �5.477 0.0106

a Bond distance. b Coordination number. c Debye–Waller factor. d Inner
potential correction. e Residual factor.
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value around Fe is much higher than those around the C and N
atoms in the six-element rings, demonstrating that the electron-
rich micro-center was formed around Fe theoretically, which is
the same as the experimental results. It is worth noting that the
VED distribution area around the carbon atom (C1) connecting
with the N atom on the formed Fe–N–C1 bonding bridge is much
narrower than that around the other C atoms (C2, C3 and C4) and
the N atom, and the valence-electron density of C1 with the
maximum VED of B0.5 e Å�3, is also evidently less than that of
the N atom (B1.3 e Å�3) on Fe–N–C1 as well as the other C atoms
(0.7–1.0 e Å�3) on lf-Fe/PI HNs, confirming the electron transfer
from C1 to the electron-rich Fe area through the Fe–N–C1

bonding bridge. These results reveal that the formed Fe–N–C on
lf-Fe/PI HNs can draw lots of free electrons around the Fe species
from the organic ligand, forming electron-rich Fe areas and
electron-deficient C sites connecting with N atoms in lf-Fe/PI HNs.

The chemical reactivity and kinetic stability of the catalysts
were also theoretically evaluated through DFT calculations
based on the HOMO (highest occupied molecular orbital)–
LUMO (lowest unoccupied molecular orbital) gap.36 For the
pure PI, the HOMO–LUMO gap is 4.40 eV (the values are
equivalent for a and b electrons). For lf-Fe/PI HNs, the energy
gap for a electrons decreases to 3.54, and the gap for b electrons

decreases to 2.24 eV. These results indicate that the electrons
are activated and the chemical reactivity of lf-Fe/PI HNs is
significantly enhanced with the introduction of Fe species
and the formation of electron-rich areas.

Catalytic performance for refractory pollutant conversion in the
lf-Fe/PI HN system

The Fenton-catalytic activity of the synthesized catalysts was
first evaluated by the carcinogenic dyestuff Rhodamine B (RhB)
removal at natural pH (B7) with H2O2. As presented in Fig. 5a,
only 30–40% of RhB could be decolorized within 120 min in the
conventional Fenton catalyst Fe2O3 and Fe3O4 (with equivalent
Fe content) systems. Under the same conditions, RhB decolorization
was only 24.7% in the pure PI system. Astonishingly, the RhB
decolorization reached 90.0% within only 60 min and the
degradation rate reached 98.3% at 120 min in the lf-Fe/PI
HNs/H2O2 suspension. The kinetic curves for RhB decolorization
in various suspensions (Fig. 5a inset) show that the reaction rates
in the lf-Fe/PI HNs/H2O2 suspension was B14, B10 and B7 times
faster than that in the suspensions of PI/H2O2, Fe2O3/H2O2 and
Fe3O4/H2O2, respectively. Furthermore, within 120 min, the
removal rate of TOC could reach 50.1% in the lf-Fe/PI HNs/H2O2

suspension. This removal rate was substantially higher than those
in the PI, Fe2O3 and Fe3O4 suspensions (TOC removal rate less
than 10%). To explore the adaptability of lf-Fe/PI HNs for removing
different pollutants, other refractory organic compounds including
the azo dyestuff acid orange 7 (AO7), pesticide 2-chlorophenol
(2-CP), endocrine disruptor bisphenol A (BPA) and pharmaceutical
ciprofloxacin (CIP) were used for the degradation in the lf-Fe/PI
HNs/H2O2 systems under natural conditions (pH B 7). As shown
in Fig. 5b, all of the selected pollutants (AO7, 2-CP, BPA and CIP)
could be substantially removed in the lf-Fe/PI HN Fenton-like
process and the conversion rates were all higher than 80% in
120 min, in particular for CIP, which could be completely
eliminated within 60 min under the neutral conditions.

After the reactions, the metal concentration released from
the lf-Fe/PI HN sample was detected. It was found that the
concentration of Fe ions was only B0.15 mg L�1. A homogeneous
test using 0.15 mg L�1 Fe ions and 10 mM H2O2 was conducted to
investigate the contribution of the released Fe for RhB removal
(Fig. 5a), from which only B9.8% RhB decolorization and B1.7%
TOC elimination within 120 min were achieved, showing that the
homogeneous contribution was negligible. Fig. 5c shows the
reusability of lf-Fe/PI HNs. The activity of the catalyst only
decreased by 6.8% and the RhB decolorization rate could still
reach B87.4% within 90 min after six successive cycles, and the
catalyst became more and more stable in the later cycles due to
the impurities on the catalyst surface being washed away.

The effect of initial pH on the catalyst activity is shown in
Fig. 5d. lf-Fe/PI HNs exhibited the highest reactivity for RhB
degradation under neutral conditions (pH B 7.04). Although
the activity of the lf-Fe/PI HN Fenton-like system decreased
slightly after deviating neutrality, it was not obviously changed
in a broad pH range (3.04–10.42), revealing the wide applicable
range of pH for lf-Fe/PI HNs. The metal-based material activity
often depends on the acid–base properties of the aqueous

Fig. 4 Non-uniform distribution of surface electrons on lf-Fe/PI HNs.
(a) EPR spectra of PI and lf-Fe/PI HNs. (b) DFT calculations for the
optimized structure of lf-Fe/PI HNs in one unit (left) and the corresponding
two-dimensional valence-electron density color-filled maps of the lf-Fe/
PI HNs model (right). Purple, red, grey and blue circles denote Fe, O, C and
N atoms, respectively. The valence-electron density is given in e Å�3.
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solution due to the generation of surface hydroxyl groups
between the water molecules and the metal sites through the
dissociative chemisorption,37 while lf-Fe/PI HNs overcame this
barrier effect due to the generation of the electron-rich reaction
areas, causing the metal species not to oxidize H2O2 directly. So
the sensitivity of the catalyst to the change of pH decreased.

Insight into the interaction mechanism of lf-Fe/PI HNs and
organic pollutants driving sustainable Fenton-like reaction

Fig. 6a shows the H2O2 utilization during the reaction process
in the lf-Fe/PI HN system (see the Notes S1 of ESI† for the
specific calculation process). The actual H2O2 consumption
was close to the theoretical value in the first 30 min, which
indicated a very low useless decomposition of H2O2 over lf-Fe/PI
HNs. The calculated utilization efficiency of H2O2 was over 80%
at this stage, and this value remained at a relatively high level
during the whole Fenton-like process (reaching 62.6% at
120 min), which was significantly greater than the value (B5%)
of the conventional Fe3O4 Fenton systems.38 These results suggest
the excellent catalytic performance and efficiency of lf-Fe/PI HNs
with the formation of the electron-rich reaction areas.

FTIR analysis was used to investigate the adsorption
and complexation sites of pollutants on the catalyst surface.

The complexation of organic compounds with metal species on
the catalyst surface often leads to a shift of the surface hydroxyl
n(OH) band to a low wavenumber according to previous
reports.19,22 As shown in Fig. 6b, the n(OH) bands (B3400 cm�1)
of lf-Fe/PI HNs did not redshift with the pollutants absorbing on
the surface and even blue-shifted to 3416, 3401 and 3401 cm�1

after absorbing the pollutants AO7, 2-CP and CIP, respectively,
which indicated that the pollutants did not complex with the metal
Fe species on the surface of lf-Fe/PI HNs during the reaction
process. It was also worth noting that the FTIR absorption peak
ascribed to the stretching vibration of the C–N bond (1393 cm�1)
on lf-Fe/PI HNs shifted to higher wavenumbers (1394–1397 cm�1)
after absorbing pollutants due to the interaction of the pollutants
and the C sites of the C–N bonds on lf-Fe/PI HNs, implying the
adsorption of pollutants on the electron-deficient C sites (C-rings),
which made it possible for pollutants to donate electrons directly.

The DMPO-trapped EPR technique was used to analyze the
interfacial electron transfer process between lf-Fe/PI HNs, H2O2

and pollutants through free radical detection. As shown in Fig.
S6a and b (ESI†), no signals were detected in the pure water/
methanol and lf-Fe/PI HN solutions. However, four centrosym-
metrical characteristic peaks corresponding to the DMPO–�OH
signals with an intensity ratio of B1 : 2 : 2 : 1 and a magnetic

Fig. 5 Performance of lf-Fe/PI HNs for pollutant removal. (a) RhB degradation curves in various suspensions with H2O2 (inset shows the corresponding
kinetic curves). (b) Decomposition curves of other different pollutants in the lf-Fe/PI HNs suspensions with H2O2. (c) Reusability of lf-Fe/PI HNs for RhB
degradation. (d) Effect of initial pH values for RhB degradation. Reaction conditions: natural initial pH (pH 6–7, except (d)), initial pollutants 10 mg L�1,
initial H2O2 10 mM, catalyst 1.0 g L�1 (Fe ions 0.15 mg L�1 in (a)).
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field spacing of B14 G were observed (Fig. S6a, ESI†) after
adding H2O2 into the lf-Fe/PI HN suspensions (without pollutants),
which suggested that H2O2 was quickly reduced by the electrons
around the electron-rich Fe areas of lf-Fe/PI HNs to produce �OH
radicals. At the same time, four evident characteristic peaks
corresponding to DMPO–HO2

�/O2
�� were also observed in the

lf-Fe/PI HN methanol-aqueous dispersion (Fig. S6b, ESI†), which
is due to the H2O2 oxidation in the electron-deficient C areas.

After introducing pollutants into the reaction process, the
electron transfer pathways in the lf-Fe/PI HN Fenton-like system
have changed. As shown in Fig. 6c, after adding various pollutants
to the lf-Fe/PI HNs/H2O2 systems, most of the signal intensities of
DMPO–�OH weakened due to the consumption of the produced
�OH radicals by the pollutants, implying the fast reactivity of the lf-
Fe/PI HNs/H2O2 systems. Differently, the DMPO–�OH signal
intensity increased after adding BPA, suggesting that the
electron-rich BPA could promote the reduction of H2O2 and
affect the consumption of �OH. The change of the DMPO–HO2

�/
O2
�� signals give more important information about the electron

transfers (Fig. 6d). After adding pollutants in the lf-Fe/PI HNs/H2O2

systems, all of the DMPO–HO2
�/O2

�� signals were significantly
weakened, which revealed that the organic pollutants directly
acted as electron-donors on the electron-deficient C sites,
greatly avoiding H2O2 oxidation to generate HO2

�/O2
�� and

accelerating the electron transfer cycles that from pollutants

to electron-deficient areas. In this process, Fe–N–C acted as
an electron transfer bridge and electron storage carrier from
pollutants to H2O2, resulting in the efficient oxidation of
pollutants in electron-deficient C areas and efficient reduction
(rather than oxidation) of H2O2 in electron-rich Fe areas. Especially
in the CIP and 2-CP systems, almost no HO2

�/O2
�� signals were

observed, indicating that the ineffective oxidation and decom-
position of H2O2 have been completely suppressed, and thus the
lf-Fe/PI HNs/H2O2 Fenton-like system exhibits excellent activity
for the degradation of CIP and 2-CP.

Conclusions

In summary, we have developed a new Fe-containing catalyst
(lf-Fe/PI HNs) consisting of lotus flower-like Fe-doped polyimide
hybrid nanosheets prepared by a hydrothermal one-pot poly-
merization process in this work. lf-Fe/PI HNs exhibited high
Fenton-like catalytic efficiency for organic pollutant removal by
inhibiting H2O2 overoxidation under neutral conditions. The
reaction rate is found to be 7–10 times higher than that of the
conventional Fe-based Fenton-like catalyst. This work greatly
resolved the bottleneck breakthrough of the Fe-based Fenton
reaction by constructing surface electron distribution-polarized
areas on the catalyst, using the electron compensation effect of
pollutants, and utilizing the Fe–N–C electron transfer bridge and
electron storage carrier during the reaction, which significantly

Fig. 6 H2O2 utilization efficiency and free radical change during the reaction. (a) Actual and stoichiometric H2O2 consumptions and the utilization efficiency of
H2O2 during the Fenton-like process in the lf-Fe/PI HN suspension (reaction conditions: natural initial pH, initial pollutants 10 mg L�1, initial H2O2 10 mM, catalyst
1.0 g L�1). (b) FTIR spectra of the lf-Fe/PI HN samples before/after absorbing different pollutants. DMPO spin-trapping EPR spectra for (c) �OH in the lf-Fe/PI HN
aqueous suspensions before/after adding different pollutants and (d) HO2

�/O2
�� in lf-Fe/PI HN aqueous suspensions before/after adding different pollutants.
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saved the oxidative consumption of H2O2, and improved the
utilization rate of H2O2 and degradation efficiency for pollutants
under neutral conditions. Obviously, the lf-Fe/PI HNs/H2O2 Fenton-
like system is of importance environmentally and energetically for
solving the bottleneck in the application of the Fe-based Fenton
reaction for water treatment, which also has significance to
the development of sustainable environmental remediation
technology by utilizing the energy of pollutants.

Methods
Catalyst preparation

lf-Fe/PI HNs were synthesized by a hydrothermal polymerization
process. Typically, 7.2 mmol EDA and 7.2 mmol PMDA were
dissolved in 150 mL of DMF, which was then stirred at 45 1C for
2 h to form LPAPCs. After that, 7.2 mmol FeCl3 and 2.4 mmol
glucose were added to the above mixture with stirring for 2 h,
which could form the precursor of the as-prepared polymer. The
precursor was then transferred into a hydrothermal autoclave
with Teflon-lined stainless steel and subjected to a dehydration–
condensation reaction at 180 1C for 15 h. After naturally cooling
to ambient temperature, the obtained solid sample was washed
several times using DMF and deionized water and dried in an
oven (70 1C) to yield lf-Fe/PI HNs. As a reference, the pure PI
sample was also prepared using the same method as described
above without adding FeCl3 and glucose. The chemicals and
reagents used in this work are shown in the Notes S2 of ESI.†

Characterization methods

TEM and SEM images were observed through a FEI Tecnai G2 F20
TEM and a TESCAN MIRA 3 GMU FESEM instrument, respectively.
The Brunner–Emmett–Teller (BET) specific surface area and pore
diameter were obtained using a gas sorption analyzer (ASAP2460)
cooling by liquid nitrogen. Powder XRD patterns were obtained
using a Bruker D8 ADVANCE diffractometer (40 kV, 40 mM) with
Cu Ka radiation l = 1.540598 Å. The XPS data of the prepared
samples were recorded using an ESCALAB 250Xi XPS system
(Thermo Fisher Scientific Inc., USA) with monochromatic Al Ka
radiation as well as low-energy electron flooding for charge com-
pensation. The FTIR spectra of the solid samples were recorded on
an IS10 FTIR spectrophotometer (Thermo Fisher Scientific Inc.,
USA) after pressing potassium bromide tablets. Fe K-edge EXAFS
data of lf-Fe/PI HNs were recorded at the 1W1B-XAFS beamline of
the Beijing Synchrotron Radiation Facility (BSRF) using a Si(111)
double-crystal monochromator under natural conditions. The
EXAFS data were pre-treated using the Athena program. The
advanced fitting of EXAFS spectra was performed using Artemis
interfaces of IFFEFIT 7.0 package. The solid EPR spectra of the
samples were recorded on a Bruker A300-10/12 electron paramag-
netic resonance (EPR) spectrometer.

Procedures and analysis

RhB, AO7, BPA, 2-CP and CIP, as various types of typical
refractory organic pollutants, were selected as the representative
refractory organic pollutants in different industries to evaluate

the Fenton-like reaction performance of the prepared catalysts.
Typically, 0.05 g of the catalyst powder and 50 mL of the
pollutant solution (10 mg L�1, natural pH) were first mixed in
a glass beaker of appropriate capacity with consecutive stirring
for approximately 20 min to achieve adsorption–desorption
equilibrium of pollutants on the catalyst surface (B50% RhB
could be adsorbed on the catalyst surface). Then, the Fenton-
like reaction was triggered by adding H2O2 (10 mM) under
magnetic stirring. Approximately 2 mL of the sample of the
reaction suspension was collected with a syringe and filtered
with a filter (0.45 mm) at certain intervals for follow-up analysis.
To investigate the repeatability of lf-Fe/PI HNs, the used sample
was filtered and washed with deionized water. The obtained solid
was dried in the oven and recycled in the subsequent reaction. All
the information and methods for HPLC, ICP-MS, TOC and EPR
measurements are shown in Notes S3 of ESI.† The computational
methods of DFT are shown in the Notes S4 of ESI.†
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