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1. INTRODUCTION

Hypercrosslinked Polymers (HCPs) have obtained considerable
research interest because of their combine many advantages such
as well-defined porosity, high surface area, lightweight nature,
and tunable branched surface groups in one [1,2]. Commonly,
the HCPs synthetization have three main approaches: (1) post-
crosslinking polymers precursors, (2) direct polycondensation,
and (3) knitting by external crosslinkers [3,4]. A variety of mono-
mers, aromatic building blocks and the external crosslinkers, cou-
pled with these synthetic approaches makes the HCPs become
invaluable platforms for exploring new advanced porous materials
[5-7]. And these methods endow these polymers with diverse
inner porosity and outer morphologies (Figure 1). On this basis,
some unique properties are revealed on HCPs, and a wide range
of practical and potential applications, such as catalysis [8-10],
adsorption [11-14], separation, and energy storage/conversion
[15-17], are also reported by these researchers [8,11-17].

The outer shapes of porous materials have been reported could
direct or indirectly affect their features and properties. Some
reports also shown the morphologies could influence the perfor-
mance of these porous polymers, their carbonaceous counterparts,
and inorganic/polymer hybrid materials [18]. For example, Zhang
et al. [19] showed that dimensionality could significantly influ-
ence on the photoluminescence properties of porous polymers.
Also, Jiang et al. reported a novel method for fabricating of poly-
meric tubes. When compared with the spherical carbon electrode
materials, polymeric precursors with tubular morphologies could
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Hypercrosslinked Polymers (HCPs) have received considerable attention in the field of catalysis, adsorption, separation,
biomedical engineering, and energy storage/conversion, because of their permanent microporous structures and high surface
areas. Up to now, various “bottom-up” and “top-down” methods have been reported to synthesize of the HCPs with diverse
morphologies, and these morphologies have been demonstrated to play a significant role in various applications. In this review,
we summarized the latest research in the design of morphology-controlled HCPs by using three kinds of main methods and
we also emphasized on the template free solutions. Furthermore, the future developments and challenges for fabricating of
morphology-controlled HCPs are also presented in this review.
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significantly enhance the stability of the supercapacitors as the
carbon electrodes [20]. Son et al. reported the multishelled hollow
morphologies could enhance the drug loading and release effi-
ciency. As the shell number increased, the drugloading and release
efficiency increased, because the intershell space have been proved
with great influence on the drug delivery properties [21]. From the
reported literatures, the morphology of HCPs could play a unique
role in various applications [22].

This review will discuss the progress of the research on the mor-
phology control of HCPs. Wherever needed, we shall compare
unique morphology-controlled HCPs with normal one and
invoke the performances of polymer nanoparticles in applica-
tions to highlight the similarities and differences. Toward the end,
the unresolved issues, and future directions of research on the
morphology-control of HCPs will be deliberated.

2. CLASSIFICATIONS

Hypercrosslinked polymers particles are morphologically into
four types, the Zero-dimensional (0D) microspheres, 1D nano-
tubes/fibers, 2D nanosheets/films, and 3D monoliths/flowers. The
spheres also could be divided into hollow and solid one. Not only
these types, some hybrid morphologies and some unconventional
shapes also been reported [23,24], for example, the preparation
of a three-layer core-shell structure of Fe/Fe,0,@TCNFs@TiO,
magnetic hybrid nanofibers reported by Zhang et al. As shown in
Figure 2, these diverse morphologies are generally fabricated by
using three main methods: (1) Template methods (hard template
and soft template), (2) Template-free method, and (3) Physical-
mechanical method.
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2.1. Template Method

Template method is the most straightforward method for gener-
ating the morphology-controlled HCPs. Template method could
be divided into hard template and soft template method. The
hard template method generally contains three steps: Firstly, the
uniformed hard templates are prepared by the scalable method.
Secondly, follow the common synthetic approaches, such as hydro-
thermal method and sol-gel method, the hybrid polymers are pre-
pared to generate the materials that coexisted with the template.
The hyper crosslinking is processed during or after this proce-
dure. Finally, these templates are removed by the suitable method
to avoid the damage to the targeted materials, in some reported
research, the hard template also coexisted with these polymers
[25]. In the template method for fabricating of the HCPs, we
should precisely choose a suitable template with the ordered and
qualified shapes. Thus far, various materials such as silica [26-28],
graphene [29], Fe,O, [30,31], gold [32], and ZnO [33] are all used
as the hard template to control the morphologies of HCPs. The

Morphology-controlled HCPs

Figure 1 Summary of the various morphologies generated in the HCP
samples.

hollow structure is the most fascinating morphologies. The sac-
rificing and etching of 0D and 1D templates can directly gener-
ate the hollow morphologies with the controlled inner shape and
size, meanwhile, the shell can protect the inner space from the
outer environment. Tan et al. firstly reported synthesizing of the
hollow spheres and hollow rods by using the template method
(Figure 3a). The spherical and rod-liked silica were firstly synthe-
sized and modified with characteristic groups, the polymerization
and crosslinking process were further induced to the surface of
modified silica [27,28]. The spherical and rod-liked HCPs were
generated by etching with the HF to remove the silica template,
main problems with this method are the waste of hard templates,
and the possible danger in the use of toxic HF acid. These void
and hollow spaces inside of the HCPs structures could accommo-
date guest compounds, increase the diffusion rate, and give surface
functionality. So, HCPs with hollow morphologies could be used
in various applications, such as nanoreactors, energy storage mate-
rials, and reaction catalysts. Also, Tan et al. [34,35] examined the
performances of these synthesized hollow particles as the platform
for various applications, such as catalysts, sensors, and drug carri-
ers. The hollow HCPs process multiply functionality and could be
functionalized as the effective acid-base catalysts (Figure 3b) [36].
Not only silica, Son also showed the hollow spheres with thin shells
could directly utilized as the template for engineering the HCPs.
Further, the HCPs with BINOLs phosphoric acid could directly be
deposited on this template, and they showed good catalytic perfor-
mance as a heterogeneous catalytic system [37], when H-CMPL@
HCP-BP was used as the catalyst, the yield of PCLs at 150°C could
reach 97%. The hollow HCPs precursors also could be transferred
to the hollow porous carbon spheres by pyrolyzing at the inert con-
dition. This method also be used to generate the hollow hybrid
HCPs materials, for example, Tan et al. [38] reported the hollow
HCPs fabricated with NH, groups were synthesized and used as
template for Pt nanoparticles. This hybrid systems exhibit excel-
lent catalytic activity and recyclability potential. Following this
template approach, Wu et al. [39] prepared crosslinked polystyrene
spheres, the carbonyl bridges between polystyrene nanoparticles
forms unique network-type microporosity. The Fe,O, supraparti-
cle is an important template that no need to be removed, Guo et al.
prepared the nanoscale porous organic polymer composite which
consisting of Fe,O, nanoparticles as the core and porous polymer
as the outer shell. In this approach, the Fe,O,@PS microspheres
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Figure 2 Summary of the general methods for controlling of the HCP morphologies.
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Figure 3 Hard template method for fabricating of the morphology-controlled HCPs. (a) Scheme for the fabrication of the hyper crosslinked hollow

spheres [27]. Copyright 2015. Adapted with permission from Springer Nature. (b) Scheme for the fabrication of the acid base bifunctionalized hyper

crosslinked hollow spheres. (c) Energy dispersive X-ray analysis (EDX) mapping results of the bifunctionlized hollow hyper crosslinked hollow spheres

[36]. Copyright 2008. Adapted with permission from the American Chemical Society.

are firstly synthesized, after then the poly[Vinylbenzyl Chloride
(VBC)-co-Divinylbenzene (DVB)] network were blended with
the Polystyrene (PS) shell. By varying the feed ratio of the VBC
and DVB monomer in the hyper cross-linking treatment, the
mesopores could tuned from 4 to 30 nm, these precisely adjust-
able channels could be used to confine the platinum metal (Pt)
nanoparticles. Therefore, the final composite shows excellent cata-
lytic activities in the hydrogenation applications [30].

In conclusion, the hard template is the most direct solution to form
the hollow morphologies, but this method is complex and inflexi-
ble. In some related approach, hard template no need to be removed,
and will coexist with the HCP polymer frameworks. For example,
Pandey et al. reported the Fe,O, could be used as the hard template,
the VBC could be deposited on this template, after further amina-
tion, the highly cross-linked hybrid materials could be generated.
In this approach, the encapsulated Fe O, nanoparticles retained
super paramagnetic properties, and hydrated anions were absorbed
in this hybrid hydrophobic polymers [31]. Compared with other
approach, hard template no need post removal and coexisted with
these polymers in this method, which presented an important role
for generating the morphology-controlled hybrid HCPs, but their
types are often limited by the hard templates.

Compared with the hard template method, the soft template is
easier to be removed or coexisted with the final products. By using
the surfactants, biological molecules, and synthetic polymers, the
self-assembly occurs during or after the polymerization process.
Wu et al. reported a facile method for generating the pH/tem-
perature responsible, hyper crosslinked polymeric spheres. The
hairy functional blocks were growing on the polymer spheres by
utilizing the surface-initiated atom transfer radical polymerization
method [40]. The suspension polymerization method is often used
in the soft template approach. Wu et al. showed the monodisperse,

hyper-crosslinked  poly(4-chloromethylstyrene)  nanospheres
(xPCMS) could further be functionalized with carbazole dithio-
ester and maleic anhydride, the soft template could be introduced
to the surface of spheres to produce the poly(2-(dimethylamino)
ethyl methacrylate) shell by Reversible Addition-Fragmentation
Chain Transfer (RAFT) polymerization. This all-in-one porous
polymer adsorbents showed unimpeded adsorption performance,
the visible fluorescence quenching could be used for detecting the
pollutants, also, the organic micropollutants could be removed with
super-rapid speed [41], xPCMS exhibited rapid organic micropol-
lutant adsorption (98% and 100% of its equilibrium uptake within
10 s and 2 min, respectively).

Huang and Rzayev firstly reported the bottlebrush copolymers
could self-assembly into cylindrical shapes in solutions. Following
the cross-linking method, the shapes and size of original bottle-
brush macromolecules could be preserved after etching of the
core (Figure 4a and 4b). In this approach, the hierarchical organic
polymeric tubular networks with micro-, meso- and macropo-
rous pores could be directly obtained [42]. The various functional
groups, such as amine, amino, sulfonic acid, porphyrin, and thiol
could be in situ or post fixed to the tubular networks by this soft
template approach [43,44]. Huang et al. [45] also showed that
the Fe and Oxo-vanadium could supported by this microporous
organic nanotube. After then, Wu et al. firstly reported using of the
self-assembly and hyper crosslinking method for generating the
hollow polymeric spheres. The poly (methyl methacrylate)-b-poly-
styrene diblock copolymer was first self-assembled into uniformed
core-shell spheres, and further transform to the hollow carbon
nanospheres by the followed hyper crosslink process (Figure 5)
[46]. The design of the block copolymer and the interaction with
the catalyst are not simple. Also, Huang et al. reported the poly-
lactide-b-polystyrene could be used for fabricating of the hollow
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Figure 4 Soft template method for fabricating of the morphology-controlled HCPs. (a) Scheme for the fabrication of the hyper crosslinked tubes by using
the bottlebrush copolymers. (b) Transmission Electron Microscope (TEM) analysis of the hyper crosslinked tubes [42]. Copyright 2011. Adapted with

permission from the American Chemical Society. (c) Scheme for the fabrication of the hyper crosslinked hollow spheres by using the block copolymers;

(d) TEM analysis of the hyper crosslinked hollow spheres [24]. Copyright 2017. Adapted with permission from the American Chemical Society.

polymer spheres (Figure 4a and 4b). Unlike the self-assembly
mechanism produced by Wu et al. Huang proposed the byproduct
HCI, which generated in the Friedel-Crafts reactions, could change
the dissolution capability of polylactide chain, thus the spherical
micelle-like intermediate could be generated, after the polylactide
be degraded, the hollow polymer spheres were eventually formed
[24]. From the above research results, we can conclude the com-
position of blocked or branched polymer chains play a key role on
the morphology forming of the HCPs. Not only the composition,
but the solvents also can induce the morphologies transformation,
Qiao et al. showed the polarity of the solvent has a dramatic effect
upon the oleophobic/oleophilic interaction. The final morpholo-
gies could tailor from the aggregated particles to hollow spheres
and even the mesoporous bulk by simply adjusting of the solvent
composition. The hollow morphologies give the cavity inside of
the spheres, which could be used as containers or reactors [47].
During the solution state, the micropores could swell in concert
with the mesopores, although the reactant can penetrate through
the micropores of porous skeleton, but the mesopores could dra-
matically shorten the diffusion pathway. So that the polymers with
mesopores, especially the nanotubes and nanospheres with small
sizes and ordered channels often show compatible activities than
the corresponding disordered polymers [48].

Nanosheets are another interesting morphology that could be gen-
erated by the polymers. Commonly, these polymeric shapes are
difficult to be obtained by template method, Zhuang et al. show
the trithiocarbonate functionalized graphene oxide could be used
as 2D raft agent. The poly(VBC-co-DVB) precursor resin was
grafted, the hyper crosslinking reaction was carried out for benzyl

chloride groups, and then the well-defined 2D nanosheets were
generated [29]. Compared with unadorned HCPs obtained without
the graphene template, these polymers exhibited improved thermal
stability, high surface area, and could be used as carbon precursor
for energy storage. Another soft chemistry synthetic strategy based
on the Friedel-Crafts alkylation is developed for the phenolic resin.
This resin with uniformed mesopores could be generated by using
the F127 as the soft template, follow the hyper crosslinking and sol-
vent extraction, the ordered surface intervals could be observed in
the final polymeric sheet. The well-defined interval together with
the organic functional groups make these polymers effective for
carbon capture [49].

Hard template method in principle can be used to prepare any
kind of the HCPs, the void size and the shape of the particles
are determined by the kinds of hard templates. Therefore, hard
template is considered as the most popular and straightforward
method. The template can be removed completely and no con-
tributions to the final products, but the toxic etching solvent are
often required in the hard template approach for generating of
the hollow morphologies. To solve this problem, soft template
method also been generated. The interaction between the soft
template itself, soft template and catalyst should be firstly pre-
dicted, and then we can control the morphologies of the final
products by adjusting their interactions, however, sophisticated
polymer design should be pay on the soft template preparation. In
some approaches, although no need to remove the hard template,
but the resultant is organic/inorganic HCP contained hybrid
materials. To get the pure morphology-controlled HCP materials,
the hard and soft template methods are both inconvenient.
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Figure 5 Soft template method for fabricating of the morphology-controlled HCPs. (a) Scheme of preparation of hollow polymer spheres from
block copolymer self-assembly and further carbonization. (b) SEM and TEM images of the polymer networks assembled by with different molecular
compositions [46]. Copyright 2014. Adapted with permission from the Royal Society of Chemistry.

2.2. Template Free Method

In the practical applications, due to the ease to handle, low pro-
duction cost, and easy for scaling up, synthesizing of the nanoma-
terials without using any template is preferred. The template-free
approaches for generating HCPs morphologies are rarely be
reported. The heterogeneous coating or doping, template removal
and design are eliminated in these methods, making it more
convenient for scale up the quantized product. We guess that
these strategies are the frontier and direction for generating the
morphology-control of HCPs. The spherical morphologies are
the most fundamental shapes in the HCPs area, due to the general
nature of C-C coupling process, the morphology forming together
with the linking of the covalent bonds, which is difficult for con-
trolling the mesopores and macropores, especially the uniform
mesoporous morphologies.

The general morphologies by the directly hyper crosslinking polymer-
ization were firstly reported by Cooper et al [7]. The coarser, nodular
morphologies are the most situations when subject to the Scanning
Electron Microscope (SEM) analysis, and sometime, the HCPs par-
ticles without obvious features were also appeared. The sphere is the
most fundamental shape that generated by the template-free method.
Sherrington et al. synthesized monodisperse porous hyper-cross-
linked nanospheres by using the template-free method. Firstly, the
gel-type spherical polystyrene precursors with typically ~400 nm
diameter were synthesized by the surfactant-free emulsion polym-
erization, and then hyper crosslinking were happened between the
vinyl group [50]. Huang et al. reported an easy template-free approach
to fabricate of the polymeric microspheres. By using the zinc chlo-
ride as the Friedel-Crafts catalyst, the chloromethyl methyl ether as
the crosslinker agent, and the dichloromethane as the solvent, the
3D interconnected polymeric spheres with the micro-, meso-, and
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macropores formed botryoid networks. Also, these spheres could fur-
ther be pyrolyzed and formed carbon counterparts, which afford excel-
lent capacitive performance in the supercapacitor test [33]. Jiang et al.
found a series of 1D hypercrosslinked polymer nanotubes could be
generated by the FeCl, catalyzed Friedel-Crafts reaction of the aromatic
hydrocarbons. The monomer concentration and mechanical agitation
were found play crucial roles in the morphology forming, nevertheless,
the formation mechanism is still unclear [20]. After then, Zhang et al.
reported a newly developed dual oil phase system to synthesize of the
tubular nanofibers. In this new approach, the conventional Dichloro-
p-xylene (DCX) was firstly dissolved in the 1,2-dichloroethane and
further transferred to the polydimethylsiloxane to form an oil phase
suspension system. Compare with the traditional reaction system, this
system could confine the hyper crosslinking in the oil phase droplet
to keep the balance of the system. The author guess DCX or Lewis
acid catalysts may form the crystal and act as the self-template simul-
taneously in the reaction. The substituent position, the number of the
substituents, and the type of the substituent halogens all have impact
on the final polymer morphologies. The disadvantage of the method
is that the Brunner—Emmet—Teller measurements (BET) surface area
of the obtained polymers is relatively low [51]. Hu et al. also follow this
method to constructed multiple-structured tubular carbon nanofi-
bers@TiO, hybrid composite. The desirable design in the microstruc-
tures could provide excellent wide-band and lightweight microwave
absorbents performance [52].

Not only tubular morphologies, the sheet-liked morphologies also
could be generated by the template free method, for example, the Jia
et al. using the steric hexakis(benzylthio)benzene and thiophene as
comonomers, the chloroform acts as the cross-linker to dictate the
cross-linking degree between the two monomers. By simply adjust
the solvent amount of chloroform, the morphologies of HCPs could
be precisely tailored from nanosheets to nanotubes. The resultant
HCPs exhibit excellent iodine uptake capacity and high absorption

Lewis acid—base interaction
mediated self-assembly

/~ Monomer Catalyst
(Lewis base) (Lewis acid)
81 A

(©) B2+A
==

OH @ B3+A
B3 oH|
e 2
OH
R — FriedelCrafts

Polymerization

Well-defined nanoporous polymers

rate [13]. The adsorption capacity of HCP for iodine reached 270%
and equilibrium rapid adsorption could be achieved within 60 min.
As illustrated in Figure 6, Song et al. showed the Lewis acid-base
interaction had a dramatic effect on the hyper cross-linking, the
self-assembled morphologies could be tailored from nanotubes
to hollow spheres and even nanosheets. These polymers could be
transfer to acid-functionalized catalyst for the biodiesel production.
And the porous carbonaceous counterparts also could be generated
by pyrolysis of the corresponding polymer precursors [13,53,54].
Also, from Kim et al., their reported the crossing linking agent play a
key role on the morphology and porosity design of HCPs. By simply
varying monomer to formaldehyde dimethylacetal (FDA) ratio, the
diversity HCPs morphologies, such as nanospheres, nanofibers, and
flower-shapes could be generated [55]. The high surface area and
porous nature make these polymers exhibit outstanding adsorp-
tion capacity and pollutant remove ability. And the corresponding
carbon counterparts showing outstanding electrochemical perfor-
mance and stable capacitance retention [56]. Tan et al. also proposed
an ultrasonic-assisted solvent exfoliation method for generating of
the layered polymers. Unlike other approach by using the FDA as
the cross-linking agent, the dichloroalkane are induced to the system
to be an economical solvent, stable electrophilic environment, and
extra cross-linker. This method demonstrated a new and inexpen-
sive ideas for preparing the morphology-controlled HCPs.

Films are also important materials for the area of separation and
purification. The polystyrene-based polymers could be utilized as
the HCPs’ precursor. Qiao et al. described a strategy for prepar-
ing HCP membranes as the precursor, following by the conven-
tional Friedel-Crafts reaction with FDA as the crosslinker. These
membranes demonstrate excellent performance for selecting of the
small gas molecules [57]. Also, by using the same direct synthetiza-
tion method, the ionic liquid conjugated HCPs also been fabricated
and applied for the H, generation [58].

Morphology-controlled carbons

Figure 6 Represented template free method for fabricating of the morphology-controlled HCPs. (a) Scheme of preparation of polymeric nanotubes,
hollow polymer spheres and nanosheets. Sulfonation of the resultant HCPs to yield the heterogeneous acidic catalysts, and carbonization of the HCPs to
yield the porous morphology-controlled carbon materials [13]. Copyright 2019. Adapted with permission from the American Chemical Society.
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The template free method solves the problem existed on the tem-
plating synthesis; the tedious, time-consuming procedure are not
required. However, the exquisite choosing of the assembly star-
ing materials seems particularly important. In the template free
method, understanding the role of the monomer catalysts and the
cross-linking agent seems extremely important for synthesizing of
the morphology-controlled HCPs.

2.3. Physical-Mechanical Method

Beside of the template and template-free method, the physical
and mechanical methods are also reported as the useful solution
for assembling of the HCPs. Electro spin is the useful method for
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synthesizing of the fiber-liked HCPs. Wu et al. firstly apply this
method into the HCPs area, the stable continuous nanofibers was
fabricated by the electrospinning process and collected by the alu-
minum foil. The stepwise crosslinking was applied two times by the
conventional Friedel-Crafts knitting method [59]. Also, recently,
Szekely reported the robust nanofibrous adsorptive membranes were
fabricated via electrospinning, after crosslinked with the graphitic
acid linker, the robust covalent polymer networks were generated
(Figure 7). The nanofibrous membrane could be used for rapid and
efficient scavenging of the organic pollutants [60]. Recently, Horike
also report a green, low-cost, and mechanochemical route to syn-
thesize the HCPs with the relatively high surface of 782 m*/g in only
5 min. A variety of aromatic molecules could be used as the monomer
for synthesizing of the highly porous polymers within minutes [61].

Figure 7 The electro spin was used as the tool for generating of the hyper crosslinked cyclodextrin networks. (a) Scheme of fabrication the fiber-liked
HCPs and the scavenging of organic pollutants. (b) SEM images of the hypercrosslinked polymers [60]. Copyright 2021. Adapted with permission from

the Elsevier.
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3. CONCLUSION AND FUTURE
CHALLENGES

The design, synthesis, and application of hypercrosslinked poly-
mers with micro-, meso- and macroporous structures occupies at
a very important position in the field of materials science. Hyper
cross-linking polymers mainly based on Friedel-Crafts chemistry,
the C-C bond quickly formation during the reaction and resulting
a highly cross-linked network. This polymerization route makes it
difficult to obtain porous polymers with controlled morphologies
in one step.

Three main approaches, including of templated, templated-free
and physical-mechanical method, are induced to the HCPs synthe-
tization Diverse interesting morphologies including of the spheres,
hollow spheres, fibers, sheets and membranes could be generated
by reported methods. The pore distribution can be concentrated
from the micro to the meso- and macropore regions, and even has
hierarchical pore distribution by varying of the morphologies. The
ordered pore channel and uniform shapes as an excellent platform
for catalysis and adsorption. The special morphologies such as the
hollow spheres offer the platform for storage the drug and con-
trolled release, also could be used for nanocarrier and nanoreac-
tor. The various void in the layered structures could easily anchor
the metals. Meanwhile, the HCPs generally have the high surface
area and excellent stability. Thus, the morphology-controlled HCPs
could play an important role for the task-specific applications and
improving the application performance.

In this review, we summarize the recent development in HCPs syn-
thetization, especially for controlling the morphologies. For the com-
prehensive understanding, we classified these methods into three
main approach, and we have discussed in detail and compared the
templated, templated-free, and physical-mechanical method for gen-
erating the morphology-controlled HCPs. For the hard templated
method, providing the templates with more dimensions and scales is
the most important future direction. For the soft-template method,
quickly preparing the soft templates and finding the corresponding
assembly parameter is the decisive factors. While for the template-free
method, wisely choosing the monomers, catalysts, solvents, and
cross-linking agents become the key for assembling of the HCPs, this
means we should clearly understand the interactions between these
parameters. In the physical-mechanical method, the sophisticated
design of the machine and spray nozzle is as important as the selec-
tion of the staring materials. It should be mentioned that this research
area is developing and that this review is not exhaustive as new studies
are reported quite frequently and the limitation of our available doc-
uments. Continued efforts should be pay on simplify the steps and
mass production by utilizing of the environmental beginning strategy.
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