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ABSTRACT: Detoxification of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) with high efficiency and dynamic performance is
challenging for a polymeric catalyst. Herein, a series of conjugated microporous polyanilines (CMPAs), capable of efficiently
catalytically reducing 4-NP, were synthesized based on the Buchwald−Hartwig cross-coupling reaction mechanism. By adjusting the
types of linkers and the molar ratios of linker to core, CMPAs with different Brunauer−Emmett−Teller (BET) specific surface areas
and reduction degrees were obtained and used as the catalysts in reducing 4-NP. The ultrahigh catalytic reduction efficiency (K =
141.32 s−1 g−1, kapp = 0.00353 s−1) was achieved when using CMPA-3-0.7 as the catalyst (prepared with 4,4′-diaminodiphenylamine
as the linker and a 0.7:1 molar ratio of linker to core). The catalytic reduction performance exhibited a strong correlation with the
reduction degree and BET specific surface area of CMPAs. Furthermore, they also exhibit excellent cycling stability and dynamic
performance. The coexistence of a microporous structure and high BET specific surface area endowed CMPAs with an increased
number of catalytic active centers. The reversible redox transformation of CMPAs in the presence of NaBH4 and air enabled self-
healing (the oxidation units in CMPAs were reduced to reduction units by NaBH4, and the newly generated reduction unit in
CMPAs was subsequently oxidized to its original state by the O2 in the air), leading to the reduction reaction of 4-NP proceeded
continuously and stably. The aforementioned factors resulted in the high efficiency of CMPAs for reducing 4-NP to 4-AP, enhancing
the practical application prospects of CMPAs in the detoxification of 4-NP wastewater.

■ INTRODUCTION
4-Nitrophenol (4-NP) is a significant and detrimental
contaminant in dye, pharmaceutical, and pesticide industries
wastewater.1 It can damage the nervous system and organs
through bioaccumulation, thus endangering human health.2

Therefore, various approaches have been developed and
utilized to the detoxification of 4-NP wastewater,3,4 including
chemical redox5 and bacterial remediation methods.6 Among
the chemical redox methods, catalytic hydrogenation is an
attractive method because of its higher catalytic efficiency and
the added value of catalytic hydrogenation products, [4-
aminophenol (4-AP)] as important intermediates.7−11

Although a variety of catalysts have been applied to the
catalytic hydrogenation of 4-NP, metal-based nanocatalysts

with different microstructures and sizes are extensively used
and the supports for these metal-based nanoparticles are
usually accompanied to avoid the aggregation of metal-based
nanoparticles.3,7−12 For example, mesoporous hydroxyapatite-
supported carbon dots/copper oxide and 2D silica nanosheet-
supported silver nanoparticles with NaBH4 as a reducing agent
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are used, resulting in K (activity parameter) values of 0.42 and
8.02 s−1 g−1, respectively.7,8

On the flipside, the catalytic field has shown significant
interest in polymers for their convenient chemical modifica-
tion, resistance to corrosion, undemanding fabrication, as well
as low-cost.13−16 They are reported to exhibit catalytic
capabilities that are on par with or surpass those of metal-
containing catalysts. As an example, nano polyanilines
(PANIs)15 and halloysite nanotube-supported PANIs16 with
varying doping degrees have been directly used as catalysts to
selectively oxidize cyclohexene with H2O2 as the oxidant in a
solvent-free reaction system and have exhibited exceptional
catalytic activity (kw = 67.3 mmol g−1 h−1, TON = 148.7 for
halloysite nanotube supported PANIs). Moreover, formyl-
modified PANIs and sulfonated PANIs have been used as solid
base catalysts in the fructose dehydration to HMF.17,18 The
catalytic activities of PANIs are found to be correlated with
their redox state, size, and degree of doping degree.
Considering the presence of oxidation and reduction units in
PANIs, they are employed to the catalytic reduction of 4-NP.
Unfortunately, the catalytic reduction activities are almost
negligible, despite utilizing various morphologies (such as
microspheres, nanofibers, irregular shapes, and supported) of
the emeraldine salt PANIs (Figure S1). Inspired by the
observation that halloysite nanotube-supported PANIs can
effectively electrostatically adsorb Cr (VI) oxyanion and
simultaneously reduce it to Cr (III), but accompanied by an
increase in oxidation degree, as well as the necessity for
recovering supported PANIs,19 the negligible catalytic activity
of PANIs (emeraldine salts) for reducing 4-NP can potentially
arise from their nonself-healing properties and low reduction
degree (<50%). Moreover, in conjunction with the fact that
porous polymeric catalysts typically demonstrate enhanced
catalytic efficiency due to their high specific surface area and
micropores/mesoporous structures,20,21 it becomes crucial to
synthesize PANIs possessing self-healing characteristics along-
side a high reduction degree and BET specific surface area in
order to address the issue of limited reduction efficiency
exhibited by conventional PANI in catalytic reducing 4-NP.

The most widely applied synthesis method for PANIs with
the aforementioned desired characteristics is the Buchwald−
Hartwig (BH) coupling reaction. In this method, C−N bonds
are constructed via the cross-coupling of aromatic halides and
amines, forming a structure similar to that of PANIs, but
having a π-conjugated three-dimensional (3D) network and
microporous structure that is generally called conjugated
microporous PANIs (CMPAs).22−24 However, two significant
drawbacks of this method are the low surface areas of CMPAs
(ca. 50 m2 g−1) and low micropore volumes. These can be
somewhat regulated by the variety of linker and core.25 The
addition of inorganic salts to a BH coupling reaction system
can optimize and regulate the solvent’s Hansen solubility
parameter, thus giving a strong effect on the characteristics of
the growing polymeric porous networks, making the pore size
reduce to microporous dimension and finally resulting in a
structure similar to MOF and COF and a substantial increase
in the BET specific surface area from dozens m2/g to more
than 1000 m2/g.25−27 Because CMPAs synthesized by BH
coupling reaction with an addition of inorganic salts have
flexible π-conjugated 3D network, large surface area, adjustable
pore structure, high chemical stability and reversible redox
activity,28 they are widely used in heterogeneous catalysis,29

energy storage,30,31 and heavy metal ion removal.27,32 We

believe that the utilization of CMPAs for catalytic reduction of
4-NP should have the following advantages over previously
reported catalysts: (1) it will develop the application of
polymers in catalytically reducing 4-NP; (2) the rich
microporous structure as well as the high BET specific surface
area (SBET) of CMPAs will provide more catalytic active sites
for reducing 4-NP, thus giving rise to an enhanced 4-NP
reduction activity; (3) the reversible redox transition of
CMPAs will avoid the deactivation of catalyst, giving rise to
a superior dynamic reduction performance and cyclic stability,
together with a practical application prospect in the
detoxification of 4-NP wastewater. Although CMPAs have
been used in Suzuki−Miyaura coupling reactions in the field of
catalysis, they only act as the supports for palladium catalysts.29

As far as we are aware, directly using CMPAs as the catalysts
for 4-NP reduction, especially its superior catalytic activity (K
= 141.32 s−1·g−1) and dynamic reduction performance, has
never been reported.

In this work, CMPAs with varying SBET and reduction
degrees were synthesized by precisely controlling the types of
linkers and their molar ratios to the core. Then, the
relationship between the synthesis conditions (the types of
linkers and the molar ratios of linker to core) and the catalytic
performances of CMPAs in reducing 4-NP in terms of catalytic
efficiency, cycling stability, and dynamic reduction capabilities
was investigated. Finally, based on a comprehensive analysis of
the structure-catalytic reduction activity in CMPAs, a
mechanism was proposed elucidating how the reversible
redox transformation of CMPAs promoted the decomposition
of NaBH4 and facilitated electron transfer during the 4-NP
reduction process.

■ EXPERIMENTAL SECTIONS
Materials. Tris(4-bromophenyl)amine (98%) and XPhos

(97%) were procured from Aladdin. p-Phenylenediamine
(98%), NaOtBu (99%), and Pd(dba)2 (18.5% palladium)
were procured from Adamas. 4,4′-Diaminodiphenylamine and
tris(4-aminophenyl)amine were procured from Bide Medical
Technology Co., Ltd. 4-NP (99%), NaBH4 (98%), and NaF
(98%) were respectively procured from China National
Pharmaceutical Group Co., Ltd., Fuchen (Tianjin) Chemical
Reagent Co., Ltd., and Jindong Tianzheng Fine Chemical
Reagent Factory.
Synthesis of CMPAs. During the synthesis of CMPAs,

three aromatic amines namely [tris(4-aminophenyl)amine, p-
phenylenediamine and 4,4′-diaminodiphenylamine] were used
as the linkers, and tris(4-bromophenyl)amine was used as the
core.27 The molar ratio of the linker to the core was 0.7:1. A
typical process was as follows: 2.50 mmol core, 1.67 mmol
linker, 0.225 mmol XPhos, 2.50 mmol NaF, 17.50 mmol
NaOtBu, 0.15 mmol Pd(dba)2, and 150 mL dioxane were
added to a flask with a magnetic stirrer. After being subjected
to a series of sealing, repeatedly degassing/argon filling
procedures, the flask was immersed in a thermostatic oil bath
with a set temperature of 65 °C. After 48 h, the products were
centrifuged and sequentially washed with chloroform (CHCl3),
methanol (MeOH), ethanol (EtOH), and boiling water (H2O)
first. Then, the mixture was subjected to Soxhlet extraction
with CHCl3, tetrahydrofuran (THF), and MeOH for 24 h
each. After the drying process, three kinds of CMPAs were
synthesized, which were respectively labeled as CMPA-1-0.7
[with tris(4-aminophenyl)amine as linker], CMPA-2-0.7 (with
p-phenylenediamine as linker), and CMPA-3-0.7 (with 4,4′-
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diaminodiphenylamine as linker). By a similar process, CMPA-
3-Y with different molar ratios of linker to the core was also
synthesized (Y = the molar ratio of linker to core).
Characterization. Fourier transform infrared (FT-IR) and

solid UV−vis spectra were measured on a Thermo Nicolet
8700 spectrophotometer and a Hitachi U-4100 spectrometer,
respectively. X-ray photoelectron spectroscopy (XPS) spectra
were recorded on a Thermo Kalpha electron spectrometer (a
Mono Al Kα source, 6 mA, 12 kV, and 1486.6 eV). X-ray
diffraction (XRD) and thermogravimetric analysis (TGA) were
respectively performed on a DX-2700B diffractometer (5−60°
scan range, 10°/min scan rate) and Shimadzu TGA-50 (N2
atmosphere, 10 °C/min heating rate). Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
analysis were performed on JSM-2100 and Quanta 200
respectively. Nitrogen adsorption−desorption and UV−vis
tests were, respectively, performed on Micromeritics ASAP
2460 (with samples degassed at 100 °C for 7 h) and
UV1800PC. High-performance liquid chromatography
(HPLC) characterization was carried on an Agilent 1100
(DAD detector, C18 column, mobile phase-30:70 of H2O and
CH3CN).
4-NP Catalytic Reduction. The synthesized CMPAs were

employed to catalyze 4-NP reduction using an excess of
NaBH4. The procedure typically unfolded as follows: first, 0.16
mL of a 1 mM aqueous solution of 4-NP, 2.0 mL of a 10 mM
aqueous solution of NaBH4, and 8 μL of a suspension
containing CMPAs at a concentration of 2.5 mg/mL were
introduced into a 10 mm quartz cell in sequence [(4-NP) =
0.0738 mM, (NaBH4) = 9.225 mM]; subsequently, the
reduction process of 4-NP was promptly tracked in real-time
through UV−vis spectroscopy. For the test of cyclic stability,
an additional 8 μL of a NaBH4 solution with a concentration of
2.5 M and 8 μL of a 4-NP solution with a concentration of 20
mM were directly introduced into the reaction system without
separation of catalyst from the reaction system and washing the
catalyst. The dynamic experiment was carried out in a glass
dropper with cotton wool sealing the narrower end. 9.5 mg
CMPAs were weighed and put into the glass dropper. After
that, a mixture of 10 mM NaBH4/1 mM 4-NP solution,
prepared at a 12.5:1 volume ratio, was continuously injected
into the glass dropper at a certain flow rate (0.32 mL/min).
The reaction effluents were monitored by UV−vis spectros-
copy at certain time intervals.12,33

■ RESULTS AND DISCUSSION
Characterization of CMPAs Networks. CMPAs were

synthesized based on a simple palladium-catalyzed BH cross-
coupling reaction between three aromatic amine monomers
and tri(4-bromophenyl)amine, which was an amination
reaction used to generate C−N bonds (Figure 1). By this
method, 3D conjugated networks with different redox activities
were constructed by tuning the linker and the molar ratio of
the linker to core. The addition of inorganic salts could
optimize the pore structure of CMPAs and increase the specific
surface area.25−27 The synthesized CMPAs initially exhibited a
yellow−brown color; however, with prolonged exposure to air,
they underwent a gradual transformation into dark blue color,
indicating the occurrence of air oxidation.

The synthesized CMPAs were first analyzed using solid
UV−vis spectra, which confirmed the structure of PANI in
CMPAs (Figure S2). For the CMPA-X-0.7 series (synthesized
with a linker to core molar ratio of 0.7, but different types of
linkers), they exhibited two broad peaks (240−440 nm
assigned to the π−π* and π−polaron transitions in benzenoid
rings, 440−800 nm associated with the polaron-π* transitions
in quinonoid rings).16,19,34 The intensity ratio between these
two peaks followed the order CMPA-3-0.7 > CMPA-2-0.7 >
CMPA-1-0.7, implying that CMPA-3-0.7 possessed a greater
abundance of benzenoid structures and the highest reduction
degree. For the CMPA-3-Y series (fixed the linker as 4,4′-
diaminodiphenylamine but different molar ratios of linker to
core), the two broad peaks were gradually blue-shifted, and the
peak intensity ratios decreased upon increasing the molar ratio
of linker to core. The above results indicated the molar ratios
of benzenoid structures to quinone structures or the redox
state of CMPAs could be tuned by changing either the linker
or the molar ratios of linker to core.

Furthermore, FTIR spectroscopy also proved the successful
coupling between the linkers and cores as −NH2 bond
characteristic peaks of linkers at 3300/3400 cm−1 and C−Br
bond stretching vibration peaks of the cores at 710, 1003, and
1072 cm−1 had disappeared in the spectra of CMPAs and were
replaced with PANIs characteristic peaks (1257/1495 cm−1�
stretching vibrations of C−N/C�C bonds in the benzenoid
structure, 1595 cm−1�stretching vibrations of C�C bonds in
the quinone structure) (Figure S3).16,19,35 By comparing the
peak intensities between 1495 and 1595 cm−1, the reduction
degree could be calculated and followed an order of CMPA-3-
0.3 > CMPA-3-0.5 > CMPA-3-0.7 > CMPA-2-0.7 > CMPA-1-
0.7 > CMPA-3−1 > CMPA-3-1.3 > CMPA-3-1.5. This

Figure 1. Synthetic route for CMPA networks through BH cross-coupling reaction between three aromatic amines and tri(4-bromophenyl)amine.
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sequence aligned with the outcomes obtained from solid UV−
vis spectra analysis.

The redox states of the CMPA networks were further
determined by XPS. The elementary compositions of CMPAs
were C, N, and O atoms (Figure S4A). The intensity of the Pd
3d peak (335−340 eV) was negligible, indicating that a
substantial proportion of the Pd2+ had been removed from the
CMPAs by washing and Soxhlet extraction. In the N 1s high
resolution spectra, two peaks were observed at approximately
398.8 eV (�N−) and 399.9 eV (−NH−), demonstrating the
coexistence of N�Q�N (quinone structure) and N−B−N
(benzenoid structure) bonds in the CMPA networks (Figures
S4B and 2B).36−38 For the −NH− and �N− peaks, the
CMPA networks synthesized using different types of aromatic
amine linkers had different area ratios and reduction degrees.
The relative content of −NH− followed an order of CMPA-1-
0.7 (93.26%) < CMPA-2-0.7 (93.90%) < CMPA-3-0.7
(94.85%) (Figure S4B and Table S1). The XPS spectra of
CMPA-3-0.3, CMPA-3-0.5, CMPA-3-0.7, CMPA-3-1, CMPA-
3-1.3, and CMPA-3-1.5 revealed that the molar ratio between
the linker and core also affected the reduction degree (Figure
2A,B). When it was ≤0.7, the reduction degree of CMPA-3-Y
held around 95%. Further increasing the dosage of 4,4′-
diaminodiphenylamine reduced the −NH− relative content.
The order of reduction degree for the CMPA-3-Y series was as
follows: CMPA-3-0.3 (95.13%) > CMPA-3-0.5 (95.00%) >
CMPA-3-0.7 (94.85%) > CMPA-3-1 (81.08%) > CMPA-3-1.3
(70.18%) > CMPA-3-1.5 (60.82%) (Figure 2A and Table S1).
A combined result of solid UV−vis, FTIR, and XPS showed
that CMPAs consisting of different amine/imine contents were
constructed by adjusting either the linker or the molar ratio of
the linker to core. The adjustable reduction degree and high

SBET of CMPAs, motivated us to study their selective catalytic
hydrogenation performances for the conversion of 4-NP to 4-
AP.

The crystalline structure of CMPAs was characterized by
XRD. Unlike the crystalline structure of common COFs and
MOFs, CMPA networks were amorphous (Figure S5).
Moreover, CMPAs exhibited insolubility in commonly used
organic solvents such as CHCl3, CH2Cl2, MeOH, THF and
dioxane, indicating their high chemical stability. The out-
standing chemical stabilities of CMPAs derived from the highly
cross-linked networks guaranteed their excellent catalytic
durability in organic reactions. Besides, TGA results showed
that the weight retentions of all the CMPA networks were
higher than 88% at 300 °C. Among them, CMPA-3-0.7
demonstrated the highest thermal stability (83.47% weight
retention at 800 °C) (Figure S6). In addition, the structures of
CMPA-3-0.7 after being heated to 280 and 800 °C under a
nitrogen atmosphere at a heating rate of 10 °C/min,
respectively, denoted as CMPA-3-0.7-280 and CMPA-3-0.7-
800, were also characterized by XPS. XPS exhibited the
intensity of the N 1s peak decreased with the heating
temperature, and the N contents of CMPA-3-0.7, CMPA-3-
0.7-280 and CMPA-3-0.7-800 were 11.83, 8.96 and 6.66%,
respectively. In addition, the relative content of −N� in
CMPA-3-0.7-280 slightly increased from 5.15 to 6.79%, while
that in CMPA-3-0.7-800 reached 17.36%, and an additional
quaternary N peak located at 401.0 eV was appeared (Figure
S7 and Table S1), indicating heating can result in the
dehydrogenation of amine groups (−NH−) to imine group
(−N�) and quaternary N.39 The morphologies of the
CMPAs were characterized by SEM and TEM. SEM images
showed that CMPAs had a foam-like morphology, and the

Figure 2. Peak area ratios for −NH− and �N− (A), N 1s high resolution spectra (B), nitrogen adsorption−desorption isotherm (C) and
microporous/mesoporous pore size distribution [acquired based on the density functional theory (DFT) method] (D) of CMPA-3-Y.
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polymer networks were connected by CMPA particles (Figure
S8). TEM showed that CMPAs were microporous and uniform
polymer particles (Figures 3 and S9). Upon increasing the
linker’s amount, agglomeration became more pronounced, and
the observation of fine PANI particles became challenging
when the molar ratio of linker to core exceeded 1:1, as
exemplified by CMPA-3-1.3 and CMPA-3-1.5 (Figure 3E,F).

To further investigate the pore structure of CMPAs,
nitrogen adsorption−desorption characterization was per-
formed. According to the IUPAC classification, the adsorp-
tion−desorption isotherms of CMPAs, except that of CMPA-
3-1.5, were defined as type I because their adsorption capacity
increased rapidly at low relative pressures, indicating the
presence of a typical microporous structure (Figures 2C and
S10).25 Furthermore, due to the interactions between fine
polymer particles on the surface of CMPA networks, multilayer
adsorption also occurred in a higher relative pressure range.
The hysteresis loop at P/P0 > 0.5 indicated the mesoporous
characteristics of CMPAs. Figures 2D and S10B showed the
microporous/mesoporous pore size distribution curves of
different CMPA networks, from which almost all the CMPA
networks, except CMPA-3-1.3 and CMPA-3-1.5, had both
microporous and mesoporous structures and a high SBET and
micropore surface area (Smicro) (Table 1). Among them,
CMPA-3-0.7 revealed the highest SBET (870 m2/g, including
432 m2/g of Smicro), whereas CMPA-1-0.7 and CMPA-2-0.7
revealed lower SBET values of 824 and 808 m2/g (413 and 115

m2/g of Smicro), respectively. These values were all much higher
than those of bulk PANIs and supported PANIs.16 In addition
to the variety of linkers, the molar ratio of linker (4,4′-
diaminodiphenylamine) to core also had a great impact on the
pore structure. Upon increasing the dosage of linkers, SBET
exhibited a gradual increase from 498 m2/g (CMPA-3-0.3) to
870 m2/g (CMPA-3-0.7) initially, followed by a subsequent
decrease to 384 m2/g (CMPA-3-1.5). A similar trend was also
observed for both Smicro and Vmicro (micropore volume). For
the samples synthesized at 1.3 and 1.5 molar ratios of linker to
core, it was difficult to measure the Smicro and Vmicro. The
adsorption−desorption curves demonstrated that upon in-
creasing the linker’s quantity, the pore of CMPA-3-Y networks
transitioned from predominantly microporous/mesoporous to
intergranular pore. The intergranular pore could be attributed
to the intricate macro- and mesostructures in samples.40 The
nitrogen adsorption−desorption results corresponded to the
aggregation of polymer particles observed by TEM. We
speculated that this phenomenon was caused by an incomplete
coupling reaction due to the excessive or insufficient linker,
which did not generate a complete conjugated 3D network,
thus significantly reducing the microporous structure. Addi-
tionally, the impact of heating on its pore structure was also
investigated, considering that it would lead to the dehydrogen-
ation of amine groups (−NH−) into imine groups (−N�)
and quaternary N (Figure S7B) at high temperature (800 °C).
It disclosed that the SBET of CMPA-3-0.7 after heating
exhibited a slight decrease, decreasing from 870 to 830 m2/
g, whereas both the Smicro and Vmicro witnessed a significant
decrease (Table 1 and Figure S11), indicating heating to a high
temperature of 800 °C had a limited effect on the SBET, while it
resulted in a decrease in the Smicro and Vmicro owing to the
dehydrogenation of amine groups.39

Catalytic Activity of CMPA Networks for Reducing 4-
NP to 4-AP. The rich microporous structure and tunable
redox properties of the CMPA networks motivated us to
employ them to catalytically reduce 4-NP. The thermodynamic
feasibility of 4-NP reduction has been well established, since
the electrode potential of the 4-NP/4-AP pair is higher than
that of H3BO3/BH4

− pair over 0.57 V.8,12 However, the
dynamic feasibility of it is almost entirely limited without a
catalyst. Herein, the catalytic performance of the CMPAs was
evaluated through the 4-NP reduction reaction utilizing
excessive amount of NaBH4, and the reaction products were
monitored by a UV1800PC. As shown in Figure 4A, both
reactants and products had specific absorption peaks in a 250−
500 nm wavelength range. The maximum absorption peak of
the initial aqueous solution of 4-NP was observed at a

Figure 3. TEM images of CMPA-3-0.3 (A), CMPA-3-0.5 (B), CMPA-3-0.7 (C), CMPA-3-1 (D), CMPA-3-1.3 (E) and CMPA-3-1.5 (F).

Table 1. Porosity Parameters of the CMPA Networks

SBET
a

(m2/g)
Smicro

b

(m2/g)
Vmicro

b

(cm3/g)
Vtot

c

(cm3/g)

CMPA-1-0.7 824 413 0.179 1.097
CMPA-2-0.7 808 115 0.064 0.567
CMPA-3-0.3 498 330 0.141 0.276
CMPA-3-0.5 631 364 0.167 0.273
CMPA-3-0.7 870 432 0.184 1.149
CMPA-3-1 645 369 0.159 0.675
CMPA-3-1.3 621 0.702
CMPA-3-1.5 383 0.542
CMPA-3-0.7 (after

catalysis)
849 416 0.177 1.162

CMPA-3-0.7-280 822 291 0.056 0.873
CMPA-3-0.7-800 830 346 0.000 0.592

aSBET is the BET specific surface area. bSmicro and Vmicro are the
micropore surface area and micropore volume, respectively, and
calculated based on the t-plot method. cVtot is the total pore volume
acquired based on the DFT method.
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wavelength of 317 nm. Upon addition of NaBH4, the 4-NP
solution underwent a conspicuous color transition from pale
yellow to vibrant yellow (Figure 4A), accompanied by a
redshift in the UV−vis absorption spectra from 317 to 400 nm,
indicating the ionization of 4-NP.12 After completion of the
reduction reaction, the resulting solution exhibited a colorless
appearance with a prominent absorbance at 300 nm (ascribed
to 4-AP). Given the more pronounced decrease in the
absorption peak of 400 nm compared with the observed
increase in 300 nm, this reduction reaction was primarily
tracked by the decrease in the absorption peak of 400 nm.

The UV−vis spectra of 4-NP reduction with an excess
quantity of NaBH4 catalyzed by the series of CMPA-X-0.7 and
CMPA-3-Y were shown in Figures 4B and S12. Figure S12A
shows that the absence of CMPAs resulted in an insignificant
decrease in the concentration of 4-NP, even after an extended
reaction time of 24 h. However, in the presence of CMPAs, the
absorbance of the 4-NP ion at 400 nm exhibited a continuous
decrease with increasing reaction time, accompanied by a
gradual enhancement of the peak at 300 nm (Figures 4B and
S12B−H). Many bubbles were generated in the reaction
solution. Finally, the reaction solution gradually turned
colorless, illustrating 4-NP had been completely reduced
without any detectable byproducts.9,11 Among the CMPA-X-
0.7 series, synthesized using the same core and molar ratio of
linker to core but varying linkers, CMPA-3-0.7 demonstrated
superior catalytic activity (Figure 4B) (completion of reaction
within 18 min), followed by CMPA-1-0.7 (Figure S12B,
completion of reaction within 21 min) and CMPA-2-0.7
(Figure S12C, completion of reaction within 36 min). The
catalytic activity of CMPA-X-0.7 was positively correlated with
SBET and the relative content of −NH− in CMPAs.
Furthermore, the catalytic activity of Pd(dba)2 (the same

dosage as that of CMPAs) for catalytic reducing 4-NP was also
studied. It showed that the concentration of 4-NP remained
unchanged even after 60 min, indicating that the catalytic
activity of Pd(dba)2 was negligible (Figure S13A). Therefore,
the catalytic activity of CMPAs stemmed from themself, rather
than the negligible amount of Pd2+ on CMPAs.

To further substantiate the correlation between the
reduction degree/SBET and the catalytic performance of
CMPAs for reducing 4-NP, the catalytic activity of CMPA-3-
Y (synthesized using the same core and linker but varying
molar ratios of linker to core) was also investigated. When Y ≤
0.7, the higher the molar ratio of linker to core, the shorter the
reaction time required to complete the reduction reaction. For
example, >60, 28 and 18 min were respectively needed when
using CMPA-3-0.3, CMPA-3-0.5 and CMPA-3-0.7 as catalysts
(Figures 4B and S12D,E). When Y > 0.7, the higher the molar
ratio of linker to core, the longer the reaction time required to
complete the reduction reaction. For example, 18, 45, 59, and
>70 min were respectively needed when using CMPA-3-0.7,
CMPA-3-1, CMPA-3-1.3, and CMPA-3-1.5 as catalysts
(Figures 4B and S12F−H). Additionally, the impact of thermal
treatment on the catalytic performance of CMPA-3-0.7 toward
4-NP reduction was also investigated. It was significant for
CMPA-3-0.7-280 °C, the time required to complete the
catalytic reduction was significantly prolonged from 18 to 38
min; whereas that for CMPA-3-0.7-800 was largely in excess of
40 min (Figure S14). As discussed above, since thermal
treatment had less effect on the SBET (Table 1), but decreased
the reduction degree (−NH− relative content) (Table S1 and
Figure S7B), the decrease in catalytic reduction activity of
CMPA-3-0.7 after thermal treatment was largely dependent on
the reduction degree. The above experimental results indicated
that CMPAs had excellent thermal stability, high specific

Figure 4. UV−vis spectra of reactant/product standards (A), and 4-NP reduction catalyzed by CMPA-3-0.7 (B); the correlation between Ct/C0
and t (C) and the relationship between ln(Ct/C0) and t (D) in the 4-NP reduction with CMPA networks as catalysts.
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surface area, and significant catalytic activity after undergoing
thermal treatment at low temperature (280 °C). The reduction
activity of CMPAs, however, was found to be negligible after
undergoing thermal treatment at high temperature (800 °C) as
the reduction degree of CMPAs experienced a substantial
decrease.

The catalytic reduction activities of CMPAs were consistent
with their reduction degree and SBET. A high SBET provided
more catalytically active centers and increased the contact area
between 4-NP and catalyst, thus improving the catalytic
activity. The reason why a high reduction degree resulted in a
high catalytic reduction activity will be discussed in the section
of “4-NP reduction mechanism of CMPAs”. Therefore, the
catalytic performance of CMPAs networks toward reducing 4-
NP by NaBH4 was due to the combined effect of reduction
degree and SBET. Based on the aforementioned findings, it can
be inferred that both the types of linkers, the molar ratio of
linker to core, and the thermal treatment temperature during
CMPAs preparation exerted an influence on the structure of
CMPAs (reduction degree and SBET), consequently affecting
their catalytic reduction properties.

The products of 4-NP reduction were further analyzed by
1H NMR and HPLC techniques. The 1H NMR of the reaction
products (treated by filtering and freeze-drying) toward
CMPA-3-0.7 catalytically reducing 4-NP were shown in Figure
S15. The characteristic proton signals of 4-AP (4.36, 6.48−
6.36 ppm) were distinctly observed, consistent with the
standard 1H NMR spectrum of 4-AP.12 In conjunction with
the absence of characteristic proton signals of 4-NP (6.959 and
8.139 ppm), it could be inferred that a complete reduction of
4-NP to 4-AP had occurred. Moreover, this reaction product
was characterized by HPLC (Figure S16). When 4-NP was
reduced with CMPA-3-0.7 as a catalyst, it showed a peak near
an elution time of 3.870 min, corresponding to 4-AP (an
elution time of 3.848 min) (Figure S16B) without any 4-NP
remnant (an elution time of 4.908 min). This observation also
suggested the complete reduction of 4-NP to 4-AP. The
conclusions drawn from the 1H NMR and HPLC results
aligned with those obtained from UV−vis spectroscopy

(Figure 4B). Considering the validity, convenience of UV−
vis analysis, as well as this reaction’s rapidness, UV−vis
spectroscopy was directly employed to monitor the reaction in
the following section.

In the CMPAs catalyzing 4-NP reduction, the initial molar
concentration of NaBH4 exceeded that of 4-NP by a factor of
124 (9.225 mM vs 0.0738 mM). Therefore, the reduction
reaction could be expressed by the following equation (Ct = [4-
NP]t, C0 = [4-NP]0, t was the reaction time).41

=
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C
C

k tln t
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Figure 4C showed the relationship between Ct/C0 and t. It
could be seen from the graph that CMPA-3-0.7 had the highest
catalytic performance (Ct/C0 dropped to zero within 18 min),
and CMPA-3-0.7-800 exhibited the lowest catalytic activity
(Ct/C0 remained constant over a period of 40 min). Figure 4D
demonstrates the correlation between ln(Ct/C0) and t, which
showed a robust linear correlation with the first-order reaction
kinetics. Therefore, kapp could be derived by calculating the
slope of ln(Ct/C0) vs t. Furthermore, the catalytic activities of
CMPAs were also assessed by the activity parameter K (K =
kapp/the mass of catalyst). The kapp and K values were
summarized in Table 2. It was obvious the catalytic efficiency
of CMPAs toward 4-NP reduction was significantly influenced
by the types of linkers and the molar ratios of linker to core as
well as the thermal treatment temperature during their
synthesis. Among them, CMPA-3-0.7 exhibited a maximum
K of 141.32 s−1 g−1 and kapp of 0.00353 s−1, followed by
CMPA-1-0.7 (K = 125.19 s−1 g−1, kapp = 0.00313 s−1), CMPA-
3-0.5 (K = 70.23 s−1 g−1, kapp = 0.00176 s−1), CMPA-2-0.7 (K
= 63.70 s−1 g−1, kapp = 0.00159 s−1), CMPA-3-1 (K = 51.06 s−1

g−1, kapp = 0.00128 s−1), CMPA-3-0.7-280 (K = 43.60 s−1 g−1,
kapp = 0.00109 s−1), CMPA-3-1.3 (K = 34.28 s−1 g−1, kapp =
0.00056 s−1), CMPA-3-1.5 (K = 13.44 s−1 g−1, kapp = 0.00034
s−1), CMPA-3-0.3 (K = 11.22 s−1 g−1, kapp = 0.00028 s−1),
CMPA-3-0.7-800 (K = 0.40 s−1 g−1, kapp = 0.00001 s−1) and
Pd(dba)2 (K = 0 s−1 g−1, kapp = 0 s−1).

Table 2. Comparative Analysis of Catalytic Activities Among CMPAs for Reducing 4-NP

samples form kapp (s−1) K (s−1 g−1) ref.

CMPA-1-0.7 3D network 0.00313 125.19 this work
CMPA-2-0.7 3D network 0.00159 63.70 this work
CMPA-3-0.3 3D network 0.00028 11.22 this work
CMPA-3-0.5 3D network 0.00176 70.23 this work
CMPA-3-0.7 3D network 0.00353 141.32 this work
CMPA-3-1 3D network 0.00128 51.06 this work
CMPA-3-1.3 3D network 0.00056 34.28 this work
CMPA-3-1.5 3D network 0.00034 13.44 this work
CMPA-3-0.7-280 3D network 0.00109 43.60 this work
CMPA-3-0.7-800 3D network 0.00001 0.40 this work
CMPA-3-0.7 without air 3D network 0.00012 4.80 this work
Pd(dba)2 0 0 this work
MnO@Al2O3@C/Ni-700a nanoflakes 0.00537 13.7 42
SiO2@C−Nia core−shell 0.00520 37 43
Au@CMK-3-Ob nanoparticles 0.00487 0.0065 44
Pt@Ag nanoparticlesc core−shell 0.00592 118.33 45
Pd−Ni alloyd nanocomposite 0.00917 45.85 46

aReaction condition: not be given. bReaction condition: 75 mg Au@CMK-3-O, [NaBH4] = 60 mM, [4-NP] = 1.43 mM. cReaction condition: 50
μg Pt@Ag NPs, [NaBH4] = 0.0089 mM, [4-NP] = 0.089 mM. dReaction condition: 200 μg Pd−Ni alloy, [NaBH4] = 3.75 mM, [4-NP] = 4.38
mM; Reaction condition: 20 μg CMPAs, [NaBH4] = 9.225 mM, [4-NP] = 0.0738 mM.
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With the comparable SBET, the catalytic reduction activity of
CMPAs exhibited an increase as the reduction degree was
elevated (the CMPA-3-0.7-Z series). With a similar reduction
degree, the catalytic reduction activity of CMPAs increased
upon increasing the SBET (the CMPA-X-0.7 and CMPA-3-Y
series, Y ≤ 0.7). The catalytic activity of CMPA-3-0.7 for 4-NP
reduction was comparable to and even outperformed some
transition metal and noble metal-based catalysts (lines 13−17
in Table 2).42−46 For example, K for MnO@Al2O3@C/Ni-
700,42 SiO2@C-Ni,43 Au@CMK-3-O,44 Ag@Pt nanopar-
ticles45 and Pd−Ni alloy46 catalyzing 4-NP reduction were
13.7, 37, 0.0065, 118.3 and 45.85 s−1 g−1, respectively. All of
these values were lower than the value obtained from CMPA-
3-0.7 catalyzing 4-NP reduction, even though our reaction
system had a higher concentration of 4-NP per unit mass of
catalyst compared to the majority of other catalytic systems.
The catalytic reduction performance of CMPA-3-0.7 was also
found to surpass that of other PANI-based catalysts (prepared
with aniline as monomer and ammonium persulfate as an
oxidant) (Figure S1). As shown in Figure S1, no significant
decrease in the 4-NP concentration was observed even at a
longer reaction time of 60 min. We speculated that the
enhanced catalytic reduction performance of CMPA-3-0.7 was
ascribed to its high reduction degree and SBET.
Reusability and Dynamic Catalytic Reduction Per-

formance of CMPA. The reusability of catalysts is crucial for
their commercial applications.12,16 Compared with bulk or
supported PANI materials, CMPAs had a more stable
conjugated network structure and a higher reduction degree.
Here, we chose CMPA-3-0.7 for reusability experiments
(Figure 5A). The near-complete conversion was achieved
after each cycle. Even after 10 cycles, over 97% of the initial
catalytic efficiency was maintained, illustrating its excellent
catalytic activity and reusability. The high SBET and dense
microporous structure provided an abundance of active centers
for efficient electron transfer. The flexible redox transition of
CMPAs may have also contributed to this, which will be
further discussed in a subsequent section.

To demonstrate the practical applications of CMPA-3-0.7, a
dynamic reduction test was conducted. A mixture of 10 mM
NaBH4/1 mM 4-NP solution, prepared at a 12.5:1 volume
ratio, was continuously injected into a glass dropper with the
catalyst immobilized by skimmed cotton at a specific flow rate
(0.32 mL/min).12 At specific time intervals, 3 mL of effluent
was collected and subjected to UV−vis analysis to determine
the residual concentration of 4-NP. As shown in the inset of
Figure 5B, the mixed solution of 4-NP and NaBH4 added to a

glass dropper was stable and yellow before the reaction.
Bubbles were generated upon the passage of the mixed
solution through the immobilized catalyst, and the effluent
solution became colorless, implying the complete reduction of
4-NP to 4-AP. The relationship between the effluent Ct/C0 and
t was demonstrated in Figure 5B, and the results showed that
the reduction reaction maintained a high conversion of 4-NP
and stable catalytic performance for at least 234 min. This
contrasted with etched halloysite nanotubes@α-Ni(OH)2
catalyzing 4-NP reduction12 and halloysite nanotube-sup-
ported PANI (Figure S17). During the reaction, the catalyst
exhibited a color change from dark blue to yellow within 2 min
upon addition of the mixed solution of 4-NP and NaBH4
(Figure S18A). After the reaction, blowing air into the glass
dropper rapidly changed the catalyst’s color to dark blue,
similar to the phenomenon observed during CMPAs synthesis.
When 9.5 mg of CMPA-3-0.7, CMPA-3-1, CMPA-3-1.3, and
CMPA-3-1.5 was, respectively, added to centrifuge tubes
containing 4 mL of NaBH4 (10 mM) aqueous solution, they
formed suspensions (Figure S18B). The colors of CMPA-3-0.7
and CMPA-3-1 immediately transitioned to yellowish brown,
while those of CMPA-3-1.3 and CMPA-3-1.5 remained dark
blue. After several hours, the colors of CMPA-3-0.7 and
CMPA-3-1 reverted to dark blue, whereas those of CMPA-3-
1.3 and CMPA-3-1.5 gradually transitioned into yellowish
brown and ultimately returned to the original dark blue color
upon complete decomposition of NaBH4 in the suspensions.
The observed phenomenon suggested that CMPAs can
undergo reversible conversion between a benzenoid structure
and a quinone structure in an aqueous solution of NaBH4 (10
mM). In the aqueous solution of NaBH4, the quinone unit in
CMPAs underwent conversion to a benzenoid unit, leading to
the release of H2 or other [H] active species through NaBH4
decomposition. This promoted catalytically reducing 4-NP to
4-AP. The reduced benzenoid unit in CMPAs was sub-
sequently transformed into a quinone unit through oxidation
by oxygen and air present in the solution, thereby facilitating
structural self-repair.
4-Nitrophenol Reduction Mechanism of CMPAs. It

was essential to explore why CMPAs prepared with different
linkers and linker/core molar ratios showed different catalytic
reduction activities. We first explored the points of their
adsorption to 4-NP and 4-AP. Figures S19 and S20 showed
that CMPAs exhibited varying adsorption capacities for 4-NP
and 4-AP, following an order of CMPA-3-0.7 > CMPA-1-0.7 >
CMPA-2-0.7 > CMPA-3-1 > CMPA-3-1.3 > CMPA-3-1.5.
This order consistently corresponded to their catalytic

Figure 5. Reusability (A) and dynamic catalytic reduction performance (B) of CMPA-3-0.7.
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efficiencies in reducing 4-NP, thereby highlighting a positive
correlation between catalytic activity and adsorption capacity.
Thus, an elevated adsorption capacity toward 4-NP would
facilitate the electron transfer between 4-NP and CMPAs, thus
enhancing 4-NP reduction.

From the above discussion, the catalytic reduction perform-
ances of CMPAs were in accordance with their adsorption
capacity toward 4-NP. This, in turn, was closely associated
with the −NH− relative content and SBET of CMPAs. For
CMPA-X-Y series, CMPA-3-0.7 with the greatest −NH−
relative content and SBET (94.85%, Figure 2A and Table S1;
870 m2/g, Entry 5, Table 1) showed the highest adsorption
capacity toward 4-NP and catalytic efficiency in reducing 4-NP
(K = 141.32 s−1 g−1, Entry 5, Table 2). In contrast, CMPA-3-
1.5 with the lowest −NH− relative content and SBET (60.82%,
Figure 2A and Table S1; 383 m2/g, Entry 8, Table 1) exhibited
the lowest adsorption capacity for 4-NP and catalytic efficiency
in reducing 4-NP (K = 13.44 s−1·g−1, Entry 8, Table 2). The
samples exhibiting minimal variation in their −NH− relative
content and SBET were found to be comparable in catalytically
reducing 4-NP (Entries 1, 2, 5, Table S1; Entries 1, 2, 5, Table
1; Entries 1, 2, 5, Table 2). Therefore, a higher surface area
corresponded to an increased adsorption capacity toward 4-NP
and enhanced catalytic activity because of more catalytic active
centers and a higher contact area between 4-NP/NaBH4 and
catalyst.

To examine the effect of the −NH− relative content
(reduction degree), CV measurements of CMPA-X-Y in the
same concentration of NaBH4 solution were conducted. The
results were presented in Figure 6. The anodic peak current/

reduction potential of CMPA-3-0.7 was the highest among the
CMPA-X-Y samples, indicating its easy electron transfer. The
order was CMPA-3-0.7 > CMPA-2-0.7 > CMPA-1-0.7 >
CMPA-3-1 > CMPA-3-1.3 > CMPA-3-1.5. The oxidation peak
exhibited a gradual attenuation, while the reduction peak
demonstrated a progressive enhancement in this sequence. For
example, CMPA-3-0.7 exhibited only an oxidation peak, and
CMPA-3-1.5 presented only a reduction peak. Considering the
absence of any anodic peak without CMPA-X-Y, we could
conclude that CMPA-3-0.7 was more readily oxidized to
oxidized CMPAs, whereas CMPA-3-1.5 was more easily
reduced to reduced CMPAs. This was consistent with the
rate of the color change from yellow to dark blue (Figure S18).
It was reasonable that a higher amine content increased the

reduction degree, which provided the catalyst with a higher
reduction potential and reducibility. This, in turn, facilitated
the rapid transfer of electrons and the conversion of reduced
CMPAs to oxidized CMPAs. Then, due to the excess amount
of NaBH4, oxidized CMPAs was reduced to reduced CMPAs,
which was accompanied by the release of H2 and reducing 4-
NP to 4-AP.

In conjunction with the experimental findings, the color
cycled from dark blue-yellowish brown in NaBH4 solution
(Figures 5B and S18), the enhanced oxidation peak of CMPA-
3-0.7, a strong correlation between SBET/reduction degree and
the catalytic efficiency of CMPAs, a mechanism toward
CMPAs catalytically reducing 4-NP was proposed (Scheme
1). First, the catalyst surface was adsorbed by 4-NP and BH4

−

(CMPA-X-Y with higher SBET resulting in enhanced adsorption
capacity for both the 4-NP and BH4

−). The oxidation units in
CMPAs were reduced to reduction units in the aqueous
solution of NaBH4, as evidenced by the observed color change
from dark blue to yellowish brown and the varying rates of
color transformation among CMPAs (the shortest time was
required for CMPA-3-0.7, which possessed the highest amine
group content, Figure S18). H2 or other [H] active species
were released through the decomposition of NaBH4, which
subsequently facilitated 4-NP being reduced to 4-AP. Second,
the newly generated reduction unit in CMPAs was transported
to oxidation units, accompanied by the release of electrons in
the presence of O2, which called oxidation process. This was
proven by the color change from a yellowish brown to dark
blue. CMPA-3-0.7, with the highest oxidation peak, showed
the fastest color change from a yellowish brown to dark blue.
Conversely, CMPA-3-1.5, with the highest reduction peak,
showed the slowest color change. The oxidation process also
can be observed in the well-known blue bottle experiment of
methylene blue and red bottle experiments of safranine in an
alkaline solution with glucose or VC as reducing agent.

The oxidation process was also feasible from the point of
thermodynamics since the electrode potential of the O2/H2O
pair (φ = 1.23 V) was higher than that of the −N�/−NH pair
(φ = −0.8 eV). Therefore, after one such cycle, CMPA-X-Y
returned to its original state, showing a self-healing capability.
Then, the aforementioned cycle (reduced by NaBH4 and
oxidized to its original state by the O2 in air) was repeated
multiple times, resulting in a continuous and stable catalytic
system. To indirectly demonstrate that the newly generated
reduction unit in CMPAs can be transported to oxidation units
in the presence of air, the reduction reaction of 4-NP under air-
free conditions was conducted. The outcomes showed that the

Figure 6. CV curves of the fabricated CMPAs (5 mg) in 30 mL of 10
mmol/L NaBH4 solution (scan rate = 50 mV s−1).

Scheme 1. Proposed Catalytic Mechanism of CMPAs in
Reducing 4-NP
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catalytic reduction efficiency of CMPA-3-0.7 decreased
significantly (K = 4.80 s−1 g−1, kapp = 0.00012 s−1 vs K =
141.32 s−1 g−1, kapp = 0.00353 s−1 for that under air) (Table 2).
When 4-NP catalytic reduction was conducted with the air not
being removed, it completed in 18 min (Figure 4B). However,
when the air in the catalytic reduction system was removed,
only a conversion of 34.58% was achieved even after a reaction
time of 60 min (Figure S21). This observation suggested that
the oxidation process for the newly generated reduction unit in
CMPAs was impeded in the absence of air, thereby preventing
complete recovery of catalyst to its initial state and ultimately
leading to a significant decline in catalytic efficiency for 4-NP
reduction.

The special self-healing properties of CMPA-X-Y were
further proved by the oxidation of reduced CMPAs in air along
with a color transition from yellowish brown to dark blue when
the reduced CMPAs was separated from the 4-NP reduction
system and the similar XPS N 1s high resolution spectra of
CMPA-3-0.7 before and after the dynamic experiment. Figure
S22 clearly shows that after 234 min of dynamic catalytic
reduction, the molar ratios of the reduction unit (94.74%) and
oxidation unit (5.26%) showed only a marginal deviation from
those of the parent CMPA-3-0.7 before the reaction (94.85%
reduction unit molar ratio and 5.15% oxidation unit molar
ratio). Moreover, nitrogen adsorption−desorption character-
ization also proved that after catalysis, the pore structure of
CMPA-3-0.7 was almost the same as that before catalysis (849
m2/g of SBET, 416 m2/g of Smicro, 0.177 cm3/g of Vmicro and
1.162 cm3/g of Vtot vs 870 m2/g of SBET, 432 m2/g of Smicro,
0.167 cm3/g of Vmicro and 1.149 cm3/g of Vtot), indicating the
special self-healing properties of CMPA-X-Y in the 4-NP
reduction process (Table 1 and Figure S23) and the excellent
catalytic stability. Based on the above discussion, the high
catalytic efficiency and stability of CMPAs were attributed to
the following factors: (1) the 3D structure with an abundance
of coexisting micro/mesopores provided more active centers
and a larger SBET. This promoted the adsorption of BH4

− and
4-NP ions and facilitated electron transfer during reduction;
(2) the flexible and reversible redox transition of CMPAs
allowed the 4-NP reduction reaction to proceed continuously;
and (3) the self-healing CMPAs structure ensured the
durability of the catalyst.

■ CONCLUSIONS
Here, a series of CMPAs with a high reduction degree and SBET
were synthesized through the BH coupling reaction mecha-
nism, which were subsequently employed for catalytically
reducing 4-NP. Among them, CMPA-3-0.7, synthesized with
4,4′-diaminodiphenylamine as the linker and a 0.7:1 molar
ratio of linker to core, demonstrated remarkable SBET/
reduction degree and exhibited the most elevated activity
parameters, apparent rate constants, as well as cycling stability
when employed in catalytically reducing 4-NP. Its catalytic
reduction performance was comparable to or even better than
certain metal catalysts. The catalytic performance of CMPAs
was primarily correlated to the reduction degree and SBET. The
higher the reduction degree and SBET of CMPAs are, the higher
the catalytic reduction activity. During the reaction, CMPAs
underwent a reversible redox transformation, which endowed
them with self-healing capabilities and ensured a continuous
and stable 4-NP reduction reaction system. The combination
of a 3D conjugated microporous structure and flexible/
reversible redox transition of CMPAs led to a remarkable

efficiency in reducing 4-NP to 4-AP. The remarkable catalytic
reduction performance, cyclic stability, combined with the
structural self-healing properties of CMPAs, give the catalyst
practical application prospects for treating 4-NP wastewater.
Furthermore, utilizing them to catalytic biomass conversion is
ongoing.
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