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Abstract

4-nitrophenol (4-NP) in industrial wastewater is harmful to both ecological
environment and human health even in the very low concentration in the environment.
Catalytic hydrogenation, which converts toxic pollutants from wastewater into high-
value industrial feedstocks, is a coveted treatment option, but the design of suitable
catalysts has been a challenge in the field. In this work, the functionalized conjugated
microporous polymers (CMPs) anchored Ag nanocatalysts could effectively catalyze
the hydrogenation of 4-NP in wastewater to 4-aminopheno with the rate
constant k of 0.01544 s™'. We further optimized the morph the CMP substrate
to stabilize Ag nanocatalysts and integrated the osite into a modular unit for

continuous flow wastewater treatment with a tamaing permeation flux of 1603 L

0V} &ctive strategy to design noble metal
catalysts for catalytic hydrogen@

mountainous and isolated cgnmugities.

m 2 h™' (LMH). These findings pr

ould potentially be modularized for use in
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treatment, Flow-thrd§gh, Silver nanocatalysts



1. Introduction

4-nitrophenol (4-NP) in industrial wastewater is considered to cause serious
damage to the water environment, and its concentration is usually much higher than
500 mg/L [1-3], so the treatment of 4-NP in water is a theme of widespread concern
[4-6]. This provides an exciting opportunity to explore effective methods for the
reduction of 4-NP in water. Among them, hydrogenation reduction reaction has strong
operability and high efficiency [7-9], and is considered as the ngdst effective reduction
technology of 4-NP. Meanwhile, the product of hydrogen on of 4-NP is 4-
aminophenol (4-AP), which is a beneficial precgor for the synthesis of drugs,

desiccants, and corrosion inhibitors, and pro er economic benefit [10-12].

Currently, the main obstacle in the rem f -NP from water by hydrogenation is
how to obtain a suitable catalys

Fine noble metal catalys@ o be highly efficient atomic materials with high
density of catalyigg ac @s [13-17]. The catalytic activity of noble metal catalysts
strongly depends the catalytic active atoms on the catalyst surface, how to
maximize the efficiency of metal atoms, which is particularly important to improve
the catalytic activity of noble metal catalysts. Therefore, researchers tend to
synthesize noble metal catalysts with finer structures [18-20]. However, as the size of
the noble metal catalyst decreases, its surface energy increases [21], and then noble

metal catalysts tend to aggregate during the catalytic process [22,23], thus reducing

the catalytic activity and efficiency. Despite extensive research work [24-26], highly



efficient synthetic methods to achieve ultrafine metal nanocatalysts or single-atom
catalysts are rare and highly desirable.

With the development of polymer science, the emergence of porous organic
polymers (POPs) provides a platform for fine noble metal catalysts anchoring [27-31].
The porous substrate has a high surface area, which can increase the reachable
catalytic active site and the chance of contact between the catalytic active site and the
reactants. As well, the porous substrate can subtly control the nucleation and growth
of noble metal nanocatalyst, keep the fine size of a ngb catalyst, and
synthesize nanocatalyst with consistent size and stability. re, in specific and
confined spaces, catalytic reactions may exhibit catalytic performance due to

the confinement effects [32-35]. Among t C gated microporous polymers

(CMPs) [36-40] can be flexibly adju:&\odiﬁed to change their morphology

microporous properties an(@ent pores provided by gelation to provide transport
channels and ac ib ytic active sites for reactants [41-43]. In consequence,
CMPs may be a reas§nable candidate for the fine synthesis of metal nanocatalysts.

Herein, the most classical bipyridine-based CMP was redesigned with a robust 3D

and chemical properties to me plication requirements, and have inherent

network and bipyridine coordination groups, which were viable coordination groups
for trapping Ag ions [44-46]. In the subsequent reduction process, the CMPs played
the role of confinement and immobilization, promoting the fine synthesis of noble
metal nanocatalyst. Through the analysis of the synthesis results, we found that

compared with the NaBH4 reduction method, the photoreduction method could obtain



finer nanostructures. Subsequently, the Ag@CMP composites were further developed
for the treatment of 4-NP in water, showing outstanding catalytic activity and stability.
Furthermore, to verify the effect of monomer type and proportion on CMP
morphology, we synthesized processable CMP aerogels loaded with Ag nanocatalysts
by adjusting the reaction solvent, monomer type and ratio, which is crucial for

practical water treatment applications.

2. Experiments

2.1 Chemicals %

1,3,5-Triethynylbenzene was obtained from 5,5'-Dibromo-2,2'-bipyridyl
(synthetic process [47]) was purchased {t; adllin, 1H NMR (CDCl3) 6 (ppm):
7.94 (dd, 2H), 8.27 (d, 2H), 8.70 (d, MR (CDCl3) 6 (ppm): 121.46, 122.23,
139.61, 150.29, 153.68. Eleme% tion analysis (%) Calcd for CioHsN2Br: C,

38.25; H, 1.93; N, @50.90; Found: C, 38.01; H,1.99; N, 8.73. 4,4'-
Dibromobipheny Q purchased from Alfa Aesar.
Tetrakis(triphenylphdsphine)palladium(0) was obtained from Aldrich. Copper(])
iodide, ammonium persulfate, silver nitrate (AgNQO3), concentrated sulfuric acid, and
all organic solvent (AR) such as dimethyl formamide (DMF), triethylamine (Et3N),

toluene, trichloromethane, acetone, methanol, and ethanol, etc. were all purchased

from Aladdin and without further purification.



2.2 Synthesis of functionalized CMP substance

1,3,5-Triethynylbenzene (300.36 mg, 2 mmol), 5,5'-Dibromo-2,2'-bipyridyl (2
mmol, 627.96 mg), 4,4'-Dibromobiphenyl (4 mmol, 1248 mg), tetrakis-
(triphenylphosphine)palladium(0) (45 mg), and copper(I) iodide (20 mg) were
dissolved in a mixture of Dimethyl Formamide (DMF, 25 mL) and Etz:N (25 mL). N>
is continuously pumped through the reactor to rigorously exclude oxygen, preventing

any homocoupling of the alkyne monomers. In the atmosphgre of nitrogen, the

mixture was stirred by magnetic force, and the temperature slowlyraised to 90°C.
After continuous heating at 90°C for a periqd, agitati as stopped when
polymerized solids were observed in the reaction and the stirrer was sucked

out with a strong magnet. After that, th c@ntinued at 90°C for 72 hours. At

the end of the reaction, the sample

polymer is filtered and waif@tely with chloroform, water, methanol, and

ully removed and the precipitated reticular

acetone to remove unrglithe omer or catalyst residue. The obtained sample was

then extracted by ol Soxhlet extraction for 48h to further purification of the
polymer. Finally, the yellow product was dried in vacuum for 24 hours at 70 °C to
obtained CMP-bpybph.

The CMP-bpy network was synthesized by the same method as CMP-bpybph.
1,3,5-Triethynylbenzene (300.36 mg, 2 mmol), 5,5'-Dibromo-2,2'-bipyridyl (470.97
mg, 1.5 mmol), tetrakis-(triphenylphosphine)palladium(0) (30 mg), copper(l) iodide

(15 mg), DMF (10 mL) and EtzN (10 mL) were used in this polymerization. The ratio

of alkyne to bromine in CMP-bpy network was subsequently adjusted to 3:1. 1,3,5-
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Triethynylbenzene (300.36 mg, 2 mmol), 5,5'-Dibromo-2,2'-bipyridyl (313.98 mg, 1
mmol), tetrakis-(triphenylphosphine)palladium(0) (30 mg), copper(I) iodide (15 mg),
DMF (10 mL) and EtsN (10 mL) were used in this polymerization.

100 mg of CMP-bpybph was soaked with ethanol and filtered to remove the
ethanol to make CMP-bpybph in a semi-dry state. The soaked CMP-bpybph was then
immersed in 100mL (NH4)2S20s saturated 1 mol/L sulfuric acid solution and stirred
for 24 h. After the reaction, wash CMP-bpybph with a large amount of distilled water

until the washing solution is neutral. Finally, hydrophilig %ybph (HCMP-

bpybph) was obtained by drying at 70°C all night.

2.3 Preparation of Ag@CMP composite materié

50 mg HCMP-bpybph was added t

f 10 mmol/L AgNOs solution, and
stirred overnight in the dark. w samples were filtered and collected,
cleaned with deionized wifer fq veral times, then added to S0mL of deionized
water, and reacte un@nle light irradiation for 4h. In the photoinduced reaction,
Ag ions were reducgd to Ag NPs in situ to form HCMP-bpybph supported ultrafine
Ag NPs (Ag@HCMP-bpybph) composite. 50 mg CMP-bpy was added to 50 mL of 1
mmol/L AgNOs3 solution, 100 mg NaBH4 was added and stirred for another 8h to
obtain bipyridine CMP supported Ag nanocatalyst (Ag@CMP-bpy) after stirring in
the dark for 4 hours. Filtrate and recycle the product, wash it with distilled water three
times, and dry them overnight at 60°C in vacuum to get dry Ag@HCMP-bpybph and

Ag@CMP-bpy composite material.



2.4 Preparation of processable Ag@CMP aerogel material

For increase the processibility of the CMP materials, the synthesis process in the
previous literature [45,48] was improved, and the ratio of acetylene group and
bromine group was adjusted to 2:1 in the synthesis process [49,50]. 1,3,5-
Triethynylbenzene (300.36 mg, 2 mmol), 4,4'-Dibromobiphenyl (1.5 mmol, 353.85
mg), tetrakis-(triphenylphosphine)palladium(0) (50 mg), and copper(I) iodide (50 mg)
were dissolved in a mixture of toluene (8 mL) and EtzN (8 mL) N> is continuously
pumped through the reactor to rigorously exclude oxyget\N\]n thefatmosphere of

nitrogen, the mixture was stirred by magnetic forcg, and the erature was slowly

raised to 80°C. After continuous heating at 80°C m priod, agitation was stopped

when polymerized solids were observe tion system, and the stirrer was

sucked out with a strong magnet. at, the reaction continued at 80°C for 72

hours. At the end of the reacy
reticular polymer is ﬁl@m

and acetone to re eacted monomer or catalyst residue.

Ple is carefully removed and the precipitated

ashed repeatedly with chloroform, water, methanol,

The obtained sample was then extracted by methanol Soxhlet extraction for 48h to
further purification of the polymer. Finally, the yellow product was dried in vacuum
for 24 hours at 70 °C to obtained CMPA-bph. 100 mg the obtained CMP aerogel
(CMPA-bph) was added to 100 mL of 1 mmol/L AgNOs solution, 200 mg NaBH4 was
added and stirred for another 8h to obtain processable CMP supported Ag
nanocatalyst (Ag@CMPA-bph) after stirring in the dark for 4 hours. Filtrate and

recycle the product, wash it with distilled water three times, and dry them overnight at
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60°C in vacuum to get dry Ag@CMPA-bph material.

2.5 General methods for characterization

Fourier transform infrared spectroscopy (FT-IR) were recorded on KBr disks in
transmission mode in the wave number range of 400 ~ 4000 cm™ using a
ThermoFisher IS5 infrared spectrometer. Solid-state '*C cross polarization magic
angle spinning nuclear magnetic resonance (1*C CP/MAS NMR) spectra operating at
100.62 MHz for '3C. Powder X-ray diffraction (PXRD) measurffment of samples were
carried out over the 26 range of 5°-80° on a Bruke D8 raction. Raman

spectra were collected on a laser micro-Raman sp&rometer (Thermo Fisher DXR)

with a laser source of 532 nm. Scanning ele scopy (SEM) was conducted
with Zeiss Sigma 300 microscope. Ele yses (C, N, and Ag) were performed
on a Zeiss SmartEDX element Transmission electron microscopy (TEM)
was performed using a O 2 F20 S-TWIN TMP transmission electron
microscope. Thegdry @ers for TEM examination were milled, suspended in
acetone, and deposigd on a Cu specimen grid supported by a holey carbon film.

The surface electron state of the sample was measured using Thermo Scientific K-
Alpha X-ray photoelectron spectra (XPS). Photoreduction of Ag ions were carried out
using a 300W Xenon Lamp as a light source. The UV—vis absorption spectra were
recorded via a UV-2700 spectrophotometer (Shimadzu Corporation, Japan). The

thermal gravimetric analysis (TGA) of the polymer networks were evaluated using a

TGAS5500 thermogravimetric analyzer over the temperature range 30 to 800 °C under



a nitrogen atmosphere with a heating rate of 10 °C/min. Ag was determined using a
Aglient 5110 inductively coupled plasma optical emission spectrometer (ICP-OES) or

Agilent 7700 inductively coupled plasma mass spectrometry (ICP-MS).
2.6 Catalytic experiments and continuous flow hydrogenation

The catalytic activity of Ag@CMP was tested by reduction reaction of 4-
nitrophenol into 4-aminophenol (4-AP) in the presence of sodium borohydride (200 ~
1000 equivalent to n-NP). In a typical reaction, 0.0757 ~ 0.f/83 ¢ of NaBH4 was
added into 50 mL 4-NP (0.2 mM) and stirred for a mome 1 olution changes
from light yellow to bright yellow. Then, 8.4 mg oNAg@CMP (Ag@HCMP-bpybph
or Ag@CMP-bpy) was added into the mixt ction started. To monitor the
reaction progress, | mL of samples was wn at specific intervals time, followed
by a filtration with 0.45 pm me to remove the catalyst. The absorbance of
samples was measured o spectrometer. In order to further confirm the
catalytic activity Ag@% the catalytic hydrogenation of and methyl orange (MO)
was also conductedfgnder the same conditions. After the hydrogenation, the mixture
was centrifuged to recover the Ag@CMP nanocatalyst. Successive recycling reactions
were carried out to test the reusability of the nanocatalyst. Between every two
successive reactions, Ag@CMP nanocatalyst was recovered by repeated
centrifugation and washing with ultrapure water very carefully to avoid the catalyst
loss, and the recovered nanocatalyst was dried in vacuum at 50 °C for 12 h for the

next cycling reused. Rate constants (k) were calculated using following equation (1):



In A/Ag=1Inc/co=—kt+C (1)

where A, ¢, t, and C are molar absorption coefficient, 4-NP concentration, reaction
time and constant, respectively.

Continuous flow catalytic tests were carried out at room temperature. Ag@CMPA -
bph was cut into a uniform cylinder and put into the syringe, with an effective area of
1.3 cm?. In the experiment, a syringe was used as a driving device to force 4-NP (0.2
mM mL"') and NaBHs (200 equivalent to 4-NP) aqueous solutions through the
aerogel material at a flow velocity of 3 ~ 5 mL min'. Th@ orjginal and filtered
solution samples were collected for qualitative analysis. \al aerogels and the

aerogels after catalytic inactivation were colldted for infrared analysis to

preliminarily infer the catalyst inactivation m@

Fig. 1. Illustration of the synthesis route and molecular structure of HCMP-bpy for
support of Ag NPs. C, light gray; N, blue; H, white; Ag NPs, dark gray.
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3. Results and discussion

The synthetic pathway and functionalization of CMP materials are shown in Fig. 1,
including synthesis of CMPs, post-synthesis modification of the CMP, loading of Ag
nanoparticles (NPs) and catalytic performance testing. In the following sections, we
first discuss the synthesis and morphology control of CMP as well as the loading of
Ag nanocatalyst. The pyridine functional group in CMP network is beneficial to
collect Ag ions and anchor Ag NPs [51-53], so that the Ag NPs gre evenly distributed
in the whole CMP substrate. Compared with the NaBHN§gductigh method, the
photoreduction method is indeed more conducive to the prep on of more uniform

Ag NPs. The synthesized Ag@CMP composite % 5t shows excellent catalytic

performance in the treatment of wastewagacoNgigng 4-NP or azo dyes. Meanwhile,
we confirmed the feasibility of e morphology of CMP substrates by
adjusting the reaction solven onfer Wpe and proportion. At last, we simulate the

whole system to treat AQ ater in continuous flow state.

3.1 Design considgations of CMPs

In this work, the CMP networks were synthesized by Sonogashira—Hagihara cross-
coupling with 1,3,5-Triethynylbenzene as the core and 5,5'-Dibromo-2,2'-bipyridyl
and/or 4,4'-Dibromobiphenyl as the links (Fig. 1). The pyridine groups in CMP
networks can provide an anchor position for Ag ions [51-53], which is beneficial to
the subsequent in-situ reduction of Ag ions and growth of Ag NPs. Using DMF as the

solvent and triethylamine as the acid binding agent, when the ratio of alkynyl and

11



bromine functional groups is 1:2, the obtained CMP, CMP-bpybph, which is almost
entirely composed of nano-spherical particles with rough surface (Fig. 2a), insoluble

in ordinary organic solvents and water.

3.2 Post-synthesis modification of CMP

Since CMPs are essentially composed of aromatic rings and carbon-carbon triple
bonds and the surface of CMPs is relatively rough on the microscopic level, the
properties of most CMPs are superhydrophobic [54]. As a rffsult,_some CMPs are
difficult to be completely wetted by water, thus obstriN® contact between

contaminants in water and the catalytic active sii§ To promote the application of

water treatment, the water wettability of t can be improved by post-

l&ettability of CMP networks can be

changed by introducing mo h hydrophilic functional groups [58].

synthesis modification [55-57]. Usual

Furthermore, the surface wttabj of the material can be changed more easily by
oxidizing the m ial@ mol/L H>SO4 solution saturated with (NH4)2S20g [59].
Therefore, in this\work, we used chemical modification [50] to improve the
wettability of CMP-bpybph.

Compared to CMP-bpybph with a water contact angle (CA) of 94.25° the
hydrophilicity of HCMP-bpybph with a CA of 78.32° was improved after chemical
modification (Fig. S1). Meanwhile, the SEM image (Fig. 2a) and TEM image (Fig. 2b)
of CMP-bpybph before hydrophilic modification and the SEM image (Fig. 2d) and

TEM image (Fig. 2e) of HCMP-bpybph after hydrophilic modification showed the

12



chemical hydrophilic modification did not change the morphology and microstructure
of the substrate materials. Meanwhile, the SEM image of CMP-bpy (Fig. 2¢) and
Ag@CMP-bpy (Fig. 2f) showed that metal loading did not affect the microstructure
of the materials. These results further verified the chemical stability of CMP substrate

materials.

500 om

Fig. 2. Morphological control. SEM image (a) and TEM image (b) of CMP-bpybph;
SEM image (d) and TEM image (e) of HCMP-bpybph; SEM image of CMP-bpy (C)
and Ag@CMP-bpy (f); SEM image of Ag@HCMP-bpybph (g), Ag@CMP-bpy (h),

Ag@CMPA-bph (i).
13



3.3 Morphological control for CMP

To further improve the catalytic stability and recoverability of the catalyst, the
morphology of CMP substrates was regulated. Previous studies show the regulation of
reaction conditions, monomer types and monomer mole ratio can fundamentally
control the microscopic morphology and macroscopic structure of CMP substrates
[60-62]. We further confirm that the molar ratio of alkyne and bromine functional
groups in the polymerization process has an important effect og the morphology of
the CMP networks. We found that when the molar ratio alkypp and bromine

functional groups was 1:2, the obtained Agl@HCMP-bpybph nted nano-spherical

structure (Fig. 2g). However, when the molar rati Q yne and bromine functional

groups was adjusted to 2:1, the synthesi %P—bpy was mainly composed of

amorphous nanoclusters (Fig. 2h a SZa), and when the molar ratio of alkyne

and bromine functional gr(ﬁ@dj ted to 3:1, the synthesized Ag@CMP-bpy

was mainly composed gffa ¢ structure (Fig. S2b).

The pore size Wgition of CMP-bpy and CMP-bpybph was calculated by
Barrett-Joyner—Hallender (BJH) method. The nitrogen sorption isotherm for CMP-
bpybph substrate was shown in Fig. S3a, the Brunauer-Emmet-Teller (BET) specific
surface area of CMP-bpybph was 16.61 m? g, which is unusual for CMP [63]. This
indicates that the alkynyl molar ratio regulates the porosity of CMPs. When the molar
ratio of alkyne and bromine functional groups is adjusted to 1:2, the microstructure of

CMP-bpybph material is mainly composed of nanoparticles, resulting in the low

porosity of CMP-bpybph material. The nitrogen sorption isotherm for CMP-bpy
14



substrate was shown in Fig. S3b, the BET specific surface area of CMP-bpy was
586.31 m? g!, and the average pore size of CMP-bpy was 6.11 nm with micropores
and mesoporous channels as the main channels.

Besides, the monomer type also has an important influence on the morphology of
the obtained CMP networks. When the molar ratio of alkyne and bromine functional
groups was fixed at 2:1, compared with Ag@CMP-bpy, the bipyridyl monomer in

Ag@CMPA-bph was replaced by biphenyl monomer, which promotes the formation

of internal nanotube structure (Fig. 2i). Presently, systemat imental and/or
theoretical explanations of these adjustable factors and t ing differences in
special morphology caused by this are missing. efore, in the future work, to

elucidate the regulation mechanism of CMPs y through experiments and/or

theoretical simulation and explori &emal structure-activity relationship

between molecular structure an% uct is crucial to synthesize CMP substrate

materials further accuratelyo

3.4 Ag nanocata ported by CMPs

For heterogeneous water treatment, the ideal feature of nanocatalysts is that the
active sites are uniformly dispersed over loose distances in the substrate material.
Structural illustration of Ag@CMP is shown in Fig. 3a. The morphology and particle
size of Ag NPs in Ag@HCMP-bpybph were studied by transmission electron
microscopy (TEM). The average diameter of Ag NPs was about 4.12 nm, and they

were uniformly dispersed in HCMP-bpybph substrate (Fig. 3b). The inductively

15



coupled plasma optical emission spectrometer (ICP-OES) result indicated that the Ag
load of Ag@HCMP-bpybph-10 was about 12.65 wt%. High-resolution TEM images
(HR-TEM, Fig. 3c) confirmed that the Ag NPs were in crystalline phase with a crystal
plane spacing of 0.236 nm, which corresponds to the Ag NPs [111] lattice plane.

The structure of the CMPs was investigated by the solid-state °C CP/MAS NMR
spectra. As shown in Fig. S4, for CMP-bpy, the peaks at ca. 81.4, 92.1, and 123.1
ppm are assigned to terminal alkyne, Ca—C=C—Car, and Ca—C=C—, respectively.
Meanwhile, the three resonances at ca. 153.2, 138.1, and 9 owing to the
ortho-, para- and meta- substituted carbon of the pyridine u As for CMPA-bph,
the peaks at ca. 90.0, 123.3 and 131.6 ppm are assj to Car—C=C—Car, Ca—C=C—,
and CAr—H, respectively. The resonance pea@. 7.6 and 139.1 ppm owing to

the non-substituted and substituted arggaatt on on biphenyl, respectively [48].

The FT-IR was used to furt a rize the prepared materials (Fig. 3d). The
strong absorption peak obs@\ear 3410 cm™! was the stretching vibration peak of
—C=CH. The abs@Q&{io observed near 2204 cm™! was a stretching vibration peak
of —-C=C-. As well ¥ the presence of benzene and pyridine rings was confirmed by
the observation of strong stretching vibration bands near 1584 cm'. In the Raman
spectra (Fig. S5), the Raman spectra of CMP-bpy display a peak at 2188.4 cm’!
attributed to the vibration of conjugated diyne links [64]. The Raman spectra of CMP-
bpy and CMP-bph display a peak at ca. 1600 and 1350 cm™! belonging to the in-phase
stretching vibration of sp? carbon lattice in aromatic rings (G bands) and the breathing

vibration of sp? carbon domains in aromatic rings (D bands), respectively [65]. These

16



results indicate the formation of the extended m-conjugated skeleton among the
polymers.

The thermogravimetric curve (TG, Fig. 3e) shows that CMPA-bph has higher
thermal stability than CMP-bpy, which may be caused by the relatively high
crosslinking degree of CMPA-bph. TG was performed to test the thermal stabilities
and the successful loading of Ag of the Ag@CMP-bpy (Fig. S6) and Ag@CMPA-bph
(Fig. S7). The amorphous structure of CMPs (Fig. S8) and crystallinity of Ag@CMPs

(Fig. S9) were identified by PXRD analysis. As shown in e existing five

reflections located at 26 values of 38.3°, 44.5°, 64.6°, d 81.7° could be
assigned to the (111), (200), (220), (311), and (222 nes of face-centered cubic (fcc)
phase of silver [66]. The X-ray photoelectrono opy (XPS) further showed the
presence of Ag NPs in the composi characteristics of Ag species were

observed at binding energies o € ds;2) and 374 eV (3ds2), respectively (Fig.

3f, Fig. S10, and Fig. Sl@ese results confirm the successful preparation of

organic syntheti P@ates and Ag@CMP composite materials.

17



Fig. 3. Materials Characterization. (a) Structural illusggati b@CMR TEM

image of Ag@HCMP-bpybph showing the uniforngdistributiod(b) and the crystalline

phase (c) of Ag NPs. (d) FTIR spectra of all ma % e) TGA of CMPA-bph and
CMP-bpy. (f) XPS of Ag@CMP-bpy an @ P-bpybph.

The dispersion and particle siza ution of Ag NPs in CMP substrate was
further studied by TEM an clglsizC analysis. Due to the enhanced interaction
between the pyridine gfoup g ions, the Ag ions are usually enriched around the
pyridine group [5 “which makes the reduced Ag NPs evenly dispersed in the
CMP substrate and prevents the aggregation of Ag NPs, thus forming finer Ag NPs.
As shown in Fig. S12, the Ag element is uniformly dispersed on the CMP-bpy
substance with pyridine group, while the Ag element is relatively concentrated on the
surface of the CMPA-bph substance without the pyridine group. Furthermore, the
average particle sizes of Ag NPs in Ag@CMP-bpy-1, Ag@HCMP-bpybph-10, and
Ag@CMP-bpy-0.1 are 7.16 nm, 4.12 nm, and 1.92 nm, respectively (Fig. 4). EDX

mapping of Ag@HCMP-bpybph (Fig. S13 and Table S1) and Ag@CMP-bpy (Fig.
18



S14, Fig. S15, and Table S2) also confirmed the presence of Ag NPs, which were
uniformly distributed in the CMP substrate. The results of ICP-OES confirmed that
the Ag loading of Ag@HCMP-bpybph-10, Ag@CMP-bpy-1, and Ag@CMP-bpy-0.1

were about 12.65 wt%, 2.98 wt%, and 0.062 wt%, respectively.

&

Fig. 4. Particle size analysis of M images and size distribution of Ag NPs
(statistical data for over 1(0) of (a) Ag@CMP-bpy-1, (b) Ag@HCMP-bpybph-
10, and (c) Ag P .1. 10, 1, and 0.1 represent the concentrations of metal
precursors.

To our surprise, compared with Ag@CMP-bpy-1 obtained by NaBH4 reduction,
Ag@CMP-bpy-1 obtained by photoreduction formed finer Ag NPs with a narrower
and more uniform particle size distribution (Fig. S16). We assume that the growth of
metal NPs (MNPs) in substrate mainly includes uniform diffusion of metal precursor
and reduction of metal ions. In the NaBH4 reduction process [44], after NaBH4 is
added to an aqueous solution, BH* species, as a reducing agent, can rapidly react with

19



free metal ions in the solvent and rapidly form metal core. The newly formed metal
core is not fixed and has high surface energy, causing agglomeration to form larger Ag
NPs. Conversely, in photoreduction process [42], reducing agent is a kind of active
substance produced under light induction. These substances are produced throughout
the solvent system to ensure that the reduction process occurs simultaneously and at a
gentle and steady rate, resulting in the formation of finer particles, narrower particle
size distributions, and more uniform dispersion distances. Therefore, we believe that

photoreduction [42,67,68] is a simple and effective method tQ e ultrafine MNPs.

3.5 Catalytic activity and reusability of Ag@CM

To estimate the catalytic performance of P composites, the catalytic
removal of 4-nitrophenol (4-NP) and/or 1 range (MO) in water was used as the
application model. Taking 4 example, according to the Langmuir-

Hinshelwood mechanism 0@ alytic reduction [6,42,44], the removal process is
as follows: Na 1th water to form large quantities of BH* ions. The
Ag@CMP as a cat{yst is added to the 4-NP solution, wherein Ag NPs help BH*
dissociation H* free radicals. 4-NP molecules near the catalyst are adsorbed into the
porous structure of the catalyst, and the H* free radicals were used to attack the N* of
the nitro group in 4-NP and catalyze the hydrogenation reduction of 4-NP to 4-AP.
The reduction product 4-AP is released from the hydrophobic channels of the catalyst,
and Ag NPs within the catalyst is exposed and can continue to react with the

remaining 4-NP. During the reaction process, samples were taken and filtered at a
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certain time interval and determined by ultraviolet spectrophotometry.

&,
K&

Fig. 5. Catalytic activity and @

tion products. Time-dependent UV-vis
absorption spectra () and p %.t/co) versus time (b) of the hydrogenation of 4-
NP catalyzed by Ag bph; Time-dependent UV—vis absorption spectra of
the hydrogenation WP (¢) and MO (d) catalyzed by Ag@CMP-bpy.

In the presence of Ag@HCMP-bpybph, the intensity of the absorption peak
(characteristic peak of 4-NP) at 400 nm disappeared at about 3 min, and formed at
300 nm (characteristic peak of 4-AP), indicating that the system can catalytically
reduce 4-NP to 4-AP in a relatively short time (Fig. 5a). The reactions were
considered as pseudo-first-order reactions and the apparent rate constant value was
calculated from the slope of the plot In(c/coy against time to be -0.01544 s™! (Fig. 5b).

Fig. S17 shows that the molecular structure of Ag@HCMP-bpybph after five
21



consecutive catalytic cycles is destroyed, resulting in deactivation of the catalyst.
Conspicuously, Ag@CMP-bpy reaction system can not only catalyze the reduction
of 4-NP in about 5 min (Fig. 5c and Fig. S18a) with the slope of the plot In(c¢/co)
against time to be -0.01238 s (Fig. S18b) but also maintained high efficiency in 11
cycles of catalysis (Fig. S19). This indicates that the system not only has high
catalytic activity but also has outstanding catalytic stability. Comparative tests were
conducted for suggesting Ag@CMPs paly an indispensable role in the reduction
reaction. In the absence of NaBHa, when Ag@CMPs was adde{ t 4-NP solution,
the absorption peak intensity of the sample at 317 nm dec ightly, but no new
peak was generated after 30 min (Fig. S18c), indigagg that the decrease of 4-NP at
the UV-vis absorption peak at 317 nm cou%c sed by the adsorption of the

catalyst. In the absence of catalyst, theantSgigof the UV absorption peak at 400nm

of the sample did not decrease 1 1ithin 30 minutes (Fig. S18d and Fig. S20a),
indicating that the hydrogel@v%uction reaction basically stagnated.

In addition, t talgicgberformance of CMP-bpy was tested, as shown in Fig.
S20b, after adding NaBH4 to 4-NP, the UV absorption peak of the mixed solution
changed from 317 nm to 400 nm. Then CMP-bpy was added, the absorption peak of
the sample at 400 nm changed slightly due to the adsorption and desorption of CMP-
bpy. However, after 30min, there was still no new peak appears at 298 nm
corresponding to product 4-AP, indicating that the residual Pd and Cu in CMP-bpy do
not play a role in the catalytic process. The stability of the catalyst was also confirmed

by FT-IR before and after the catalysis (Fig. S21). Meanwhile, TEM and EDX
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mapping images showed that the distribution of Ag NPs also remained uniform and
stable (Fig. S15, Fresh Ag@CMP-bpy; Fig. S22, Ag@CMP-bpy after 11 cycles).
Table S3 compared the catalytic activity of Ag@CMP-bpy and other reported similar
catalysts. In addition, in the presence of Ag@CMP-bpy, the absorption peak
(characteristic peak of MO) at 465 nm gradually weakened with the advance of
reaction time, and MO could be degraded in about 10 min (Fig. 5d). This further
indicates that the Ag@CMP-bpy system has high catalytic hydrogenation activity.

To investigate the process potential of Ag@CMP-bpy nanocaal in the treatment

of real samples, hydrogenation of 4-NP loading on distille Nap water, and river

water was proposed. When a certain amount of 4 3®js added to tap water and river
water, the solution immediately appears bri k@ ywhile the deionized water and
bottled water containing 4-NP appeggpa ow. As shown in Fig. S23a, in the
absence of NaBH4, UV-vis spe

erent water samples were detected and no

peaks were found at 298 g, iglicating that no substances in these water samples

capable of initY * E ydrogenation reaction and acting as NaBHs. The
concentration of 4-1§ was adjusted to 0.2 mM, compared with other water samples
(Fig. S23a), the river water containing 4-NP had the weakest UV absorption peak at
400 nm (Fig. S24a). As shown in Fig. S23c-k, the reaction was complete within 5 min
after NaBH4 and Ag@CMP-bpy were added to tap water containing 4-NP. Meanwhile,
Ag@CMP-bpy nanocatalyst also showed the process potential in river water samples
(Fig. S24b, c), the reaction was complete within 4 min after NaBH4 and Ag@CMP-

bpy were added to river water containing 4-NP.

23



To detect whether the material pollutes the environment, we detect the leaching of
Ag in the reduced water sample. The reduced water sample was determined using
Agilent 7700 inductively coupled plasma mass spectrometry (ICP-MS). The

concentration of Ag in the water sample were calculated using following equation (2):

C1 = Co*f )

where C;, Co, and f are concentration of Ag element in sample stock (mg/L),
concentration of Ag elements in the test solution (mg/L), and dilution ratio,
respectively. The concentration of Ag element in the sampis 6.1 pg/L. For
biocompatibility [69-71], the leaching of trace Ag e ould pollute the

environment and harm the health of aquatic organis

3.6 Flow-through catalytic performan&@MPA

% )f Ag@CMP composites encourages us to

The outstanding catalytic perfoy
further explore their applicgfidn in continuous flow state [72-74]. We prepared
CMPA-bph hydrggel @hology control strategy (Fig. 6a), and obtained CMPA-
bph aerogel after acuum drying (Fig. 6b). Compared to CMPA-bph hydrogel,
CMPA-bph aerogel is brown-yellow in color and slightly reduced in size, which may
help to resist polymer chain shrinkage and prevent structural collapse [75].
Interestingly, the resulting CMPA-bph can return to its original shape after loading
(Fig. 6¢) and loading removal (Fig. 6d), showing its good elasticity. We further

prepared Ag@CMPA-bph aerogel (Fig. S25), and ICP-OES results confirmed that the

Ag loading of Ag@CMPA-bph was about 0.086 wt%. The EDX mapping of
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Ag@CMPA-bph (Fig. S26, Fig. S27, and Table S4) further confirmed that the Ag NPs

were uniformly distributed in the CMPA-bph substrate.

&,
Q

Fig. 6. Processable Ag@CMP aero rial and schematic diagram of wastewater

treatment and circulation s @me a photos of CMPA-bph hydrogel (a) and

CMPA-bph acrogel (b)ffIma f Ag@CMPA-bph under loaded (¢) and unloaded (d)
conditions. (e) C hotos of the collapsing Ag@CMPA-bph material. (f) the
system includes the dosing pool, the reaction device, p-nitrophenol collection tank,
and the catalyst recovery device.

A proof-of-concept wastewater treatment system is shown in Fig. 6f, mainly
includes five steps: (1) The industrial wastewater is pretreated to meet the feed
requirements (< 70 mg L!) of the subsequent treatment unit; (2) For the dosing pool,

under the electrical drive, NaBH4 enters the dosing pool and mixes with feed

wastewater to generate active substances and start the reaction; (3) The mixed
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solution enters the reaction channel at a flow rate of 5 mL min’! and fully reacts; (4)
The fully reacted mixture enters the slow-flow tank. The catalyst flowing out is
recycled and reused, and the raffinate enters the collection tank; (5) The important
chemical raw materials in the raffinate are recovered and qualified wastewater is
discharged into the environment. The reaction device and the catalyst recovery device
are the core of the wastewater treatment system.

The specific experimental device is shown in Fig. S28. At room temperature, a

syringe-driven filter container was used for a continuous flo talgmg test. In general,
the removal efficiency of pollutants depends on the resid of reactants [76-
78]. The permeation experiment showed that t eatment system achieves an

outstanding permeation flux of 1603 L m @ ) with more than 99% 4-NP

reduction efficiency. Meanwhile, the &_\ld maintain catalytic stability in the

continuous flow process, and F@ a (Fig. S29) before and after the catalysis

showed that the moleculafgstrugture of the catalyst remains stable. However, the

catalyst was ina@e subsequent application, which could be caused by the

destruction of the m&groscopic structure (Fig. 6¢) of the catalyst by pressure.
4. Conclusions

In this work, we propose feasible solutions to two basic challenges of noble metal
nanocatalysts for catalytic hydrogenation reduction of 4-NP in water: catalyst fixation
and fine synthesis. Firstly, we improved the existing bipyridine-based CMPs by post-

synthesis modification and morphology adjustment, demonstrating the technical
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potential of CMPs as material substrates. The porous properties, physical and
chemical stability, and design flexibility of CMPs are keys to the stable support of
noble metal catalysts. Subsequently, we prepared a composite catalyst with ultrafine
Ag NPs (average particle size: 1.92 nm) by anchoring of bipyridine group in CMP
networks and photoreduction method, which demonstrated high activity and stability
(more than ten cycles) for the reduction of 4-NP. We synthesized a processable
Ag@CMPA-bph aerogel for reduction of 4-NP in water under continuous flow, which
achieves high permeation flux (1603 LMH) with high reductioetigmgncy (over 99%).
This work demonstrates the potential of design and regulat on existing CMP
families to provide support for the fine synthesis g le metal catalysts. We believe
that this work will further advance the gelati materials and the refinement

of noble metal catalysts to extend thejg SUS@aagble applications in the environmental

and energy fields. @
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