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Abstract: Heterogeneous photocatalysis combines the benefits of 
light-mediated chemistry with that of a catalytic platform that facilitates 
re-use of (often expensive) photocatalysts. This provides significant 
opportunities towards more economical, sustainable, safe, and user-
friendly chemical syntheses of both small and macromolecular 

compounds. This contribution outlines recent developments in the de-
sign of heterogenous photocatalysts and their use to mediate 
polymerizations. We outline four classes of heterogeneous photocata-
lysts in detail: nanoparticles, conjugated and non-conjugated polymer 
networks, metal-organic frameworks (MOFs), and functionalized solid 
supports.  

1. Introduction 

Researchers in recent years have pushed photochemistry to new 
frontiers,1 especially considering an urgent need for increased en-
ergy efficiency and safer processing conditions. The sustainability 
benefits of photocatalysis extend to taking on the challenges of 
plastic waste, where significant opportunities exist for heteroge-
neous photocatalysts to make an impact.2,3 

Photocatalysts (PCs) absorb energy in the form of photons to 
reach excited states. These may facilitate chemical reactions 
through either energy or electron transfer. PCs thus lower activa-
tion energies for chemical reactions and accelerate the rate of 
various reactions. In contrast to thermal catalysis, many addi-
tional synthetic benefits can be introduced with PCs: wavelength 
selectivity4–6 to target specific bonds, temporal control to stop and 
restart reactions,7–9 and spatial control to pattern surfaces.10,11 
Together, this affords complex syntheses under low temperatures, 
ambient pressures, and under a broad range of wavelengths of 
light – spanning from the ultraviolet (UV) through the visible and 
into the near infrared range (290–980 nm).12–16  

However, the PC’s desirable strong photon absorption also 
means that light penetration into the reaction medium is limited by 
Beer-Lambert’s law.17 PC residuals in the final product can lead 
to discoloration and their excited states can promote degrada-
tion.18–20 Finally, the high cost of transition metal PCs and often-
complex syntheses for organic alternatives further limit their use 
on large scales. These, amongst other challenges, motivated the 
development and study of heterogeneous photocatalysts.21–25 

Because heterogeneous PCs are, by definition, in a different 
phase than the reactants (e.g., solid PC in liquid medium), oppor-
tunities arise to facilitate catalyst separation from the reaction 
mixture by e.g., filtration,26 centrifugation,27 or externally applied 
force fields (e.g., magnetic recovery).28,29 This reduces waste, 
mitigates catalyst contamination, and provides economic benefits 
by allowing reuse of the (potentially expensive)30,31 catalysts. Fur-
thermore, many creative opportunities for scale up have been 
suggested, such as continuous flow systems, which may operate 
with heterogeneous PCs as packed beds and could potentially 
remove the need for a catalyst separation processing step and 
recovery altogether.32–36 
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Figure 1. Illustration of different heterogeneous photocatalyst categories that will be discussed in this article: (i) nanoparticles, (ii) polymer networks, (iii) metal-
organic frameworks (MOFs), and (iv) solid supported photocatalysts. 

 
 
Despite these exciting opportunities, challenges remain that warrant, and require, further investigation. Our objective with this contri-
bution is to discuss four major classes of heterogeneous PCs: (i) nanoparticles, (ii) polymer networks, (iii) metal-organic frameworks 
(MOFs), and (iv) solid supported PCs (see Figure 1). A particular focus will be placed on their use in reversible deactivation radical 
polymerization (RDRP), for which we intend to outline their individual benefits and limitations. As our focus lies on polymerizations, we 
refer the reader to other comprehensive surveys on heterogeneous PCs for small molecule reactions and other, more specialized, 
applications.37–39 

Light-mediated Radical Polymerization 

 
Figure 2. General example mechanisms for Photo-induced Electron Transfer Reversible Addition Fragmentation Chain Transfer (PET-RAFT) polymerization (left). 
A photocatalyst (PC) absorbs light energy to reach an excited state, and then accepts an electron from an electron donor (D), to become a radical anion, from there, 
interaction with the RAFT CTA results in a propagating radical which can add monomers (M) to form a polymer (Pm) via the RAFT equilibrium. Light-mediated Atom 
Transfer Radical Polymerization (right) is displayed as an oxidative quenching cycle, where a PC in the excited state transfers an electron to an electron acceptor 
(A), and the cationic PC forms a complex with a negatively charged halogen (X-). ATRP polymerization may occur, until an electron donor (D) reduces the PC back 
down to its ground state. Please note the example mechanisms are not all encompassing.

 

Photocatalysis has become an increasingly effective means to 
synthesize well-defined polymers in solution40 and from sur-
faces.41–48 Beyond conventional radical photoinitiation,49,50 signif-
icant advances have been made in mediating polymerizations. 
This now allows the use of milder visible and (near) infrared wave-
lengths (vs. UV initiation) to stop and (re)start polymerizations by 

toggling the light source off and on. The resulting materials exhibit 
precise molecular weights, low molecular weight distributions (Đ 
< 1.5), and retained chain ends to afford access to complex archi-
tectures (e.g., block copolymers,51,52 star polymers,53 bottle 
brushes,54 surface-grafted polymers,41,42,44,55,56 etc.). Because 
photocatalysts require a particular wavelength for activation, chro-
matic orthogonality may be achieved and disparate reactions may 
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be performed in one pot using different catalysts or wave-
lengths.57–59 Ionic,60,61 metathesis,62,63 ring opening,64,65 different 
step-growth polymerizations,66–69 and various reversible-deacti-
vation radical polymerizations (RDRP)40,70,71 can now be medi-
ated by visible light with excellent spatiotemporal control. A ma-
jority of research has focused on the latter, with light-mediated 
RDRP techniques including but not limited to: Atom Transfer Rad-
ical Polymerization (ATRP),72–75 Photo-induced Electron Trans-
fer-Reversible Addition-Fragmentation Chain Transfer polymeri-
zation (PET-RAFT),41,76,77 Nitroxide Mediated Polymerization 
(NMP),78,79 and photo-iniferter polymerization.80,81  

Mechanistic Considerations 

Various in-depth and comprehensive reviews16,82–84 on the photo-
physics of photoredox catalysts exist. Here, we wish to briefly 
summarize some important concepts. Photocatalytic processes 
generally begin by absorption of photons. The resulting excited 
state of the PC may then donate (oxidative quenching) or accept 
an electron (reductive quenching). Subsequently, the catalyst is 
returned to its ground state and the PC may begin another cata-
lytic cycle. If the excited state PC transfers energy (rather than an 
electron) this process is referred to as photosensitization.85  

More specifically, ATRP polymerization (see Figure 2, right) oc-
curs via activation of an alkyl halide initiator, i.e., the excited state 
PC transfers an electron to the alkyl halide (oxidizing the catalyst) 
and the halogen is removed.74,86 Chain growth then proceeds 
from the formed radical until the halogen/PC pair encounters a 
propagating chain again. By returning the growing active chain  
into its halogenated (dormant) state, the PC is reduced to its 
ground state and this cycle can be repeated. Notably, reductive 
quenching mechanisms are also feasible for ATRP through addi-
tion of sacrificial reductants.87 

PET-RAFT polymerizations can proceed through oxidative 
quenching pathways or via energy transfer from a photocatalyst 
in its triplet excited state (see Figure 2, left).77,87–89 PET-RAFT 
polymerization employs thiocarbonylthio-derivatives as chain 
transfer agents (CTAs) which can undergo the well-established 
RAFT equilibrium to mediate polymerization. Deactivation occurs 
upon collision between the radical cationic photocatalyst, the ani-
onic RAFT agent, and a radical propagating chain, but various 
groups are still studying this mechanism in more detail.90–92  

Photocatalyst Requirements 

Given the above mechanistic considerations, important require-
ments arise that qualify an effective photocatalyst: (i) efficient pho-
ton absorption, (ii) excited states of sufficient energy to drive the 
targeted chemical reactions, and (iii) adequately long excited 
state lifetimes to enable electron or energy transfer between the 
catalyst and substrate.87,93  

The molar absorption coefficient, ε, describes the ability of mole-
cules to absorb light and can vary on the solvent being used. Gen-
erally, ε values range from on the order above 50,000 M-1cm-1 to 
1,000 M-1cm-1.94,95 While strong absorption is favorable for effi-
cient photon absorption of the PC, this also reduces light penetra-
tion into the reaction medium, as described by Beer Lambert’s law, 
and limits scalability. The wavelength of maximum absorption, 
λmax, can be targeted specifically by narrow emission LED light 
sources. PCs with longer λmax are preferred to reduce possible 
side reactions, but values within the UV range are still of interest.  

The excited states of the PCs need to be sufficiently long-lived to 
allow energy/electron transfer processes to occur with reagents. 
Excited state lifetimes of PCs can be on the order of nanoseconds 
(e.g., 4.2 ns for fluorescein), or microseconds (e.g., 2.4 μs for 
Rose Bengal2-).82 Generally, longer lifetimes have been shown to 
improve photocatalytic ability in many synthetic transformations96 
and polymerizations.97 Recent research into prolonging lifetimes 
may enable new approaches by leveraging e.g., delayed 

fluorescence.98 Such delayed fluorescence catalysts indeed have 
allowed for successful polymerizations of fluoroalkenes.99 

The energetic potential of an active state to drive reactions is often 
expressed in terms of its oxidation or reduction potential. For a 
specific target reaction, an appropriate PC with sufficient potential 
must be chosen. For light-mediated polymerizations (ATRP, 
RAFT, etc.), it is important to match the required potential of the 
PCs with the energy required to activate the initiators (or chain 
transfer agents).  As an example for ATRP using ethyl α-bromo-
phenylacetate (EBP) initiators, the PC’s oxidation potential must 
be high enough to meet EBP’s reduction potential (-0.74 V vs. 
SCE).87,100  

Many transition metal complexes based on ruthenium (Ru),101 irid-
ium (Ir),102,103 and zinc (Zn)104 meet these energetic requirements 
and have demonstrated high efficacy in photocatalysis. Ir- and 
Ru-based catalysts combine the benefits of long-lived excited 
states and high reduction potentials. Fac-tris[2-phenylpyridinato-
C2,N]iridium(III), (fac-Ir(ppy)3) ligand modification offers tuning of 
absorption or reduction/oxidation properties.94,105 A less expen-
sive, but effective alternative is tris(2,2’-bipyridine)ruthenium(II), 
Ru[bpy3]2+.106 Excited state lifetimes are ca. ~550-2500 ns for Ir-
based catalysts94 and ca. 500-1000 ns for Ru[bpy3]2+.83 Reduction 
potentials have been reported as 𝐸𝐸1/2

𝑟𝑟𝑟𝑟𝑟𝑟 = −2.17 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆107 for fac-
Ir(ppy)3 and 𝐸𝐸1/2

𝑟𝑟𝑟𝑟𝑟𝑟 = −0.72 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆 for Ru[bpy]32+.108 For ATRP, this 
means fac-Ir(ppy)3’s excited state is reducing enough to create 
the EBP initiator’s carbon-centered radical that is required for 
polymerization. The removed bromine complexes with the Ir(ppy)3 
catalyst’s radical cation. The newly formed [Br–/Ir(ppy)3

•/+] com-
plex has a reduction potential of 0.77 V while anionic EBP has a 
reduction potential of -0.74 V. This is important because the active 
chain end can return an electron to the highly oxidizing [Br–

/Ir(ppy)3
•/+] complex, returning Ir(ppy)3

•/+ to its ground state. Sim-
ultaneously, the polymer chain is returned to the dormant state as 
the bromine bonds with the radical chain end, and the cycle may 
repeat itself.87,100 

While transition metal-based catalysts offer high efficacy, high 
cost and metal contamination from their degradation remain a sig-
nificant concern in their widespread adoption.94,109 Organic cata-
lysts are a desirable alternative as they offer similar abilities and 
are generally less expensive.16,110 Many of the reported and read-
ily available organic photocatalysts are based on xanthene dyes 
and their derivatives. Examples include Rose Bengal,111 fluores-
cein,112 erythrosine B,113 and Eosin Y.16,114–116 However, unlike 
transition metal complexes, xanthene dye photocatalysts often re-
quire the addition of tertiary amines such as triethylamine (TEA). 
Evidence exists to suggest that tertiary amines assist in the 
polymerization process by acting as a sacrificial electron donor, 
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able to transfer an electron to the catalyst. This is thought to result 
in the PC acting in accordance with the reductive quenching 
mechanism. The utility of tertiary amines is shown for PET-RAFT 
polymerizations117,118 as well as ATRP.119 

Excitingly, xanthene dyes may be modified to be activated by mild 
near-IR wavelengths.120 However, many xanthene dyes are highly 
colored, and therefore there is also much interest in the photo-
catalytic degradation of these catalysts themselves as they may 
result in undesirable staining of products.18,121 This again high-
lights the motivation behind using them as heterogeneous photo-
catalysts to facilitate their removal after the reaction. Phenoxa-
zine-122, phenothiazine-123–125, and phenazine-derivatives126 have 
also been studied extensively and are good examples of how 
chemical modification of a catalytic core can influence photocata-
lytic properties (e.g., shifting absorption and increasing reduction 
potential). For example, for phenothiazine derivatives, investiga-
tions have determined that electron withdrawing groups can lower 
the excited state reduction potential.127 Highlighting the impact of 
such modifications for RDRP performance, Treat et. al. compared 
10-methylphenothiazine to 10-phenylphenothiazine and found 
lower dispersity for poly(methyl methacrylate) polymers synthe-
sized via ATRP.128  Dispersity improved from Đ =1.74 to Đ =1.30 
when an electron donating methyl group on the PC was changed 
to an electron withdrawing aromatic group. These design princi-
ples have proven useful for computer-aided design strategies, 
which have allowed the discovery of effective catalysts at 0.5 ppm 
catalyst loadings for ATRP.129 Finally, another major class of or-
ganic photocatalysts is that of carbon nitrides, also including gra-
phitic carbon nitrides.130,131 It is notable that both Eosin Y and car-
bon nitrides have demonstrated catalytic ability in depolymeriza-
tion132 and catalytic oxidation of polystyrene,133– suggesting great 
potential in their future use in a circular plastic economy. Both or-
ganic and organometallic catalysts are generally able retain cata-
lytic ability when modified with functional groups.  

Catalyst stability is a major consideration as photocatalysts can 
degrade (often referred to as photobleaching) over time and un-
der exposure to light.18,134,135 Photobleaching may occur via differ-
ent pathways, some that are dependent on oxygen and others 
that result from autocatalysis.135,136 Another consideration for cat-
alyst selection are quantum yields. Quantum yields are often not 
reported for photocatalysts and thus it is often difficult to compare 
catalytic efficacy.  Generally, heterogeneous PCs feature com-
plex 3D geometries and macroscopic catalyst dimensions can 
make it challenging to characterize these systems. However, 
some techniques have been proven useful. For nanoparticle sys-
tems, UV-Vis spectroscopy and fluorometry may be used with 
suspended particles. For other PCs, solid-state techniques can 
be leveraged, such as diffuse reflectance spectroscopy, which 
may assist in determining optical properties. For many examples, 
it is often uncertain if the catalyst concentration is optimized, 
which is significant because catalyst efficacy may appear lower 
depending on the concentration used.137 Catalyst properties such 
as molar absorption coefficients and redox potentials are often 
studied in isolation with the catalyst and solvent, and therefore 
unforeseen side reactions leading to photobleaching and catalyst 
deactivation are not captured.31,138 

A note of relevance for photocatalysis is the role of oxygen. Oxy-
gen (added or environmental) may be useful in photosensitized 
systems,139 but is generally undesirable in photocatalytic systems 
where radical intermediates are key and electron transfer 

occurs.140 Various strategies have been developed to mitigate the 
effects of ambient oxygen in RDRP.141 Examples include the light-
mediated generation of reactive singlet oxygen through chemical 
reactions 1O2 can react with the solvent (e.g., DMSO),141 with ad-
ditives (e.g., 9,10-dimethylanthracene),142 or with a (co)-monomer 
itself (e.g., 2-(methylthio)ethyl methacrylate).143 Other strategies 
include the consumption of ambient O2 by enzymes, such as glu-
cose oxidase (GOx), to generate hydrogen peroxide.144–146 Re-
ducing agents, such as ascorbic acid, may regenerate an oxidized 
catalyst, as is the case for copper catalysts in activators regener-
ated by electron transfer (ARGET) ATRP.73 There is evidence that 
tertiary amines may also increase the oxygen tolerance of these 
systems.130 The addition of tertiary amines (e.g., TEA) shortens 
induction periods and increases polymerization rates. This results 
from the ability of tertiary amines to act as sacrificial electron do-
nors to generate anionic PCs, which are then able to reduce oxy-
gen.117 Some photocatalysts that require oxygen as a cocatalyst 
have also been discovered.147  Oxygen tolerance is a highly de-
sirable feature as purging steps require additional infrastructure. 

It becomes evident that it is possible to modify various photocata-
lysts with functional groups that also allow tethering to solid sup-
ports and heterogenization. In the following, we will discuss and 
explore four major categories of heterogeneous photocatalysts for 
polymerizations: (i) nanoparticles, (ii) polymer gels/networks, (iii) 
metal organic frameworks (MOFs), and (iv) solid-supported cata-
lysts. These categories are not intended to be mutually exclusive, 
nor are they intended to be all-encompassing, but a representa-
tive reflection of the major categories seen in photo-RDRP litera-
ture. 

2.    Nanoparticle Photocatalysts 

Both inorganic and organic nanoparticles have been successfully 
used for a plethora of organic photocatalytic reactions.148–151 Their 
small size and large surface to volume ratio improves accessibility 
for reactants while also providing opportunities for recovery 
through e.g., centrifugation. 

Inorganic Nanoparticles 

Many early reports in heterogeneous photocatalysis were focused 
on inorganic (metals or metal oxide) nanoparticles or quantum 
dots (semiconductor nanocrystals). Seminal reports were primar-
ily focused on the use of titanium dioxide (or titania, TiO2)12,152 and 
its use for the photolysis of water.24,153,154 These studies leveraged 
TiO2’s ability to act as a photosensitizer for generation of active 
oxygen species, which can degrade pollutants in wastewater155,156 
or catalyze plastic degradation.157,158 For photocatalysis to occur 
in semiconductors, electron-hole pairs are generated by promot-
ing electrons to the conduction bands by absorbing photons of 
sufficient energy to cross the material’s band gap.159 This band 
gap can be modified, e.g., by adding defects like oxygen vacan-
cies to reduce TiO2’s Egap.160 Once generated, both electrons and 
holes can migrate to the TiO2 surface through movement in the 
valence and conduction bands, where they are then useful to 
drive reactions.  

Both catalyst and synthetic scope have since been significantly 
broadened. Various nanomaterials have shown great efficacy as 
heterogeneous photocatalysts in suspended161 or surface-
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immobilized form159,162,163 for organic synthesis,164 RDRP,29,165–167 
or degradation of contaminants.148 Examples include metals (e.g., 
gold,168 silver,168 copper, etc.),43,169 metal oxides (e.g., zinc-170 and 
copper oxides171,172), and semiconducting nanoparticles (e.g., 
cadmium selenide, CdSe173,174).  

Both metal oxides and semiconductor nanoparticles, e.g., silica 
and titania, have also proven useful for RDRP. Silica supports for 
silica quantum dots, for example, have been successful photo-
catalysts for ATRP.175 Studies also highlight the efficacy of other 
(modified) metal oxides. As Dadashi-Silab et. al. found, the incor-
poration of Fe into ZnO nanoparticles can improve photocatalytic 
performance.176 Fe-doped ZnO increased the rate of polymeriza-
tion and monomer conversion increased from 40% to 57% over 
the course of 3 hours in 350 nm light for methyl methacrylate while 
also decreasing the final dispersity from Đ =1.23 to Đ =1.18.  

In contrast to UV-absorbing TiO2  and other metal oxides, metal 
nanoparticles (e.g., gold) are able to absorb light in the visible re-
gion and have been useful for a variety of chemical transfor-
mations.177 Moreover, some photocatalysts feature enhanced ab-
sorption capabilities through localized surface plasmon reso-
nance (LSPR).178 When the oscillation frequency of the incident 
light and electrons in the catalyst match, constructive interference 
occurs and a strong absorption peak is observed. Au and Ag are 
examples of catalysts with this LSPR effect.177,179 While to the 
best of our knowledge, metal nanoparticles such as gold, copper, 
or silver have not yet been utilized for RDRP, semiconductors 
such as silica and titania are widely used as support materials for 
metal catalysts. For example, titania can be implemented as a 
support for silver,43 immobilized gold is capable of variety of pho-
tooxidations of aromatic alcohols,180 solid-supported and ZnO can 
be used for water photolysis and dye degradation.181  

 
Figure 3. a) Schematic of Eosin Y grafted to silica nanoparticles (EY-SNP). b) 
UV-Vis spectra of EY-SNP and Eosin Y in water with transmission electron mi-
crographs of the SNP-EY nanoparticles (inset, scale bar is 50 nm). c) Kinetics 
and evolution of dispersity during dimethyl acrylamide PET-RAFT polymeriza-
tion in water (in the absence of oxygen and at room temperature). Reproduced 
from ref. [166] Copyright (2018), with permission from American Chemical So-
ciety. 

While pure metals and metal oxides have not yet demonstrated 
much use for RDRP, perovskites have been shown to be effective. 
This includes perovskites in conjunction with lead halide nano-
crystals, (CsPbBr3) which may be used to catalyze PET-RAFT 
polymerizations.182 The perovskites were able to function under 
blue LED lights, or under 800 nm laser pulses, indicating versatil-
ity in reaction conditions. However, recycling experiments were 
not reported for the perovskite nanocrystals so their longevity re-
mains unclear. 

CdSe quantum dots, modified with mercaptopropionic acid (MPA), 
were also shown to efficiently catalyze PET-RAFT polymerization 
in aqueous environments. McClelland et al. described 81% con-
version of dimethylacrylamide (DMA) in 2 hours to provide well-
controlled macromolecular materials (Đ = 1.01, Mn = 19,200 
g/mol) at a catalyst loading of 0.43 ppm under green laser irradi-
ation (532 nm, 40 mW/cm2).165  The authors showed recovery of 
MPA-CdSe quantum dots through centrifugation and their photo-
catalytic performance was maintained over four reaction cycles. 
A 5.5% decline in conversion and an increase in dispersity of 0.04 
was observed, but the 5th use cycle showed a more significant 
decrease in conversion (-29.5%) and dispersity increased 
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markedly (Đ = 1.20). Beyond this limited lifetime, the final polymer 
product also showed 8.41 μg/g of cadmium contamination – point-
ing towards practical limitations of centrifugation as a separation 
method.  

Despite their high photostability,183 limitations of inorganic nano-
particles have motivated researchers to examine alternatives. 
Limitations include (i) inferior colloidal stability in common organic 
reaction solvents,184 (ii) high visible light absorption that signifi-
cantly reduces scalability, (iii) possible electron-hole recombina-
tion, which decreases catalyst efficiency,177 and (iv) a highly ma-
terial-specific band gap which limits opportunities to modify cata-
lyst selectivity. 

Organic Nanoparticles 

Inorganic/organic hybrid185 and fully organic nanoparticles186 have 
been studied to improve light penetration and reagent affinity to-
wards the nanoparticle surface.43,187 Organic nanoparticles can 
also offer biocompatibility, which can reduce human and environ-
mental hazards known for metal nanoparticles.188 Finally, the 
modular nature of organic nanoparticles can afford complex struc-
tures that provide opportunities to tailor highly specific reaction 
sites with modified band gaps.189 

Nanoparticle agglomeration is a concern that can limit efficacy, 
but approaches exist to mitigate these concerns. For example, 
nanoparticle dispersions may be stabilized through surface-teth-
ered polymer brushes. Kim et al. synthesized photocatalytic con-
jugated microporous polymer (CMP) nanoparticles that were sta-
bilized via poly(methyl methacrylate) and poly(dimethyl acryla-
mide) polymer brushes.190 The catalysts could be recycled five 
times for an oxidative [3+2] cycloaddition reaction with a drop in 
yield from 69% to 54%. This reduction was attributed to the loss 
of catalyst nanoparticles over 22 cycles of centrifugation.  

Surface-functionalized Inorganic Nanoparticles 

Surface-modification of nanoparticles with organic photocatalysts 
can combine the benefits of organic photocatalyst scaffolds (e.g., 
tunable photophysical properties) with those of a passive solid-
support material (e.g., improved catalyst recovery). Furthermore, 
studies have suggested that surface-immobilizing organic/organ-
ometallic photocatalysts to passive solid supports can also de-
crease photobleaching and increase their lifetime.191–193 As an ex-
ample for this class of materials, Shanmugam et al. grafted Eosin 
Y to silica nanoparticles and studied their efficacy as PET-RAFT 
polymerization catalysts (see Figure 3 & Table 1).166 Controlled 
polymerization of various acrylate monomers was achieved with 
high recyclability. For the monomer dimethylacrylamide, 66% 
conversion was reached in 4 hours with good control over disper-
sity (Đ = 1.10, Mn = 13,400 g/mol) at 3 ppm catalyst loading and 
under green light irradiation (λmax = 515 nm). The Eosin-Y@SiO2 
nanoparticles could be reused five times after purification by cen-
trifugation and limited catalyst degradation was observed. Each 
reuse showed similar monomer conversions of n-butyl acrylate 
(70-75%) and no appreciable change in dispersity was observed. 
In contrast, Eosin Y as a small molecule homogeneous catalyst 
rapidly degraded within 9 hours of polymerization time, suggest-
ing the Eosin-Y@SiO2 platform provided an increased resistance 
towards photobleaching after surface-immobilization.  

Surface-modifying functional nanomaterials with photocatalysts 
also allows leveraging synergistic photophysical effects. For ex-
ample, studies have shown that nanoparticles can perform photon 
upconversion, i.e., the conversion of low energy light (e.g., (near) 
infrared, (N)IR radiation) to higher energy light.194 This light of 
higher energy can subsequently be used to excite another photo-
catalyst. This broadening of the usable spectral region for photo-
catalysis towards longer wavelengths is desirable because it pro-
vides the potential to improve scalability by penetrating deeper 
into the reaction medium.  

Photon upconversion may occur via three different approaches: 
luminescent solar concentrators, lanthanide3+ systems, or triplet-
triplet annihilation.195 A detailed elaboration on approaches and 
mechanisms is beyond the scope of this review, but we refer the 
reader to an article by Richards et. al.195 Lanthanide systems have 
found success for RDRP polymerizations in heterogeneous set-
tings. The approach employs sodium yttrium fluoride as a host, 
and lanthanide ions (typically) Yb3+ and Er3+ (other emitter ions 
include thulium (Tm3+) or holmium ions (Ho3+)) for the absorption 
and emission of light. 195 Typically, Yb3+ is chosen as the absorber, 
as it has a maximum absorbance in the NIR region, λmax = 980 
nm.195 When excited by NIR light, Yb3+ may transfer energy to an 
emitter, Er3+, which may be promoted to a further excited state by 
another excited Yb3+ ion. The emitter is then able to emit light, 
which is subsequently able to activate a photocatalyst, which will 
absorb the higher energy light released.195 This approach has 
been used for RAFT polymerization, where the NaYF4:Yb3+,Tm3+ 
upconverting nanoparticles activated the RAFT agents them-
selves by emitting blue light.196  In contrast, Zhang et. al. lever-
aged a photon upconversion strategy by using β-NaYF4: 30% 
Yb3+, 1% Tm3+ modified silica nanoparticles to conduct ATRP (see 
Figure 4 & Table 1).15 Under λmax = 980 nm irradiation for 24 
hours, low dispersity (Đ ≤ 1.28) was achieved for various acrylates 
and methacrylates – albeit at varying conversions and molecular 
weights (13-67%, Mn = 3,000 - 36,600 g/mol). The upconversion 
nanomaterials showed the ability to be reused for 5 cycles. The 
authors illustrated the benefits of using NIR to penetrate various 
materials by placing a physical barrier (pig skin) between the re-
action vessel and the light source. With this setup, 88% methyl 
acrylate conversion (Đ = 1.16) was achieved in 36 hours. Another 
approach utilized β-NaYF4:30%Yb/0.5%Tm nanoparticles doped 
with carbon dots comprised of o-phenylenediamine as a photo-
catalyst to activate copper catalysts for ATRP.197  
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Figure 4. a) Absorbance spectra comparing the emission of the upconverting β-
NaYF4: 30% Yb3+, 1% Tm3+ nanoparticles versus the absorbance of the 
polymerization solution. The insert shows a transmission electron micrograph 
of the nanoparticles with 980 nm laser excitation of the dispersed nanoparticles 
in dimethyl sulfoxide. b) Temporal control (molecular weight as a function of 
time) for NIR photo-ATRP of methyl acrylate using upconverting nanoparticles. 
Reproduced from ref. [15] Copyright (2020), with permission from American 
Chemical Society. 

Outlook for Nanoparticles 

In conclusion, initial limitations of titania and other metal/metal ox-
ide nanoparticles included a fixed band gap, electron hole recom-
bination, limited absorption wavelengths, and limited affinity of or-
ganic reagents to the surface of inorganic nanoparticles. However, 
these limitations can be mitigated by combining catalysts or using 
one catalyst to support another.198 To this end, Sarina et al. syn-
thesized Au-Pd alloys and found they enhanced the yield for Su-
zuki-Miyaura cross coupling, the oxidation of aromatic alcohols, 
and other reactions greatly.187 Pd showed a strong affinity for or-
ganics that Au lacked, so combining the two allowed enhanced 
performance. For RDRP, a similar effect was found through the 
combination of iron (Fe) and zinc oxide nanoparticles.176 Finally, 
expanding nanoparticles’ utility further into the (near) infrared and 
leveraging photon upconversion strategies may prove a fruitful fu-
ture direction to further improve light utilization. 

Despite their clear potential, more effective methods to efficiently 
separate nanoparticle photocatalysts from the reaction mixture 
are necessary. Many nanoparticle photocatalysts (e.g., CdSe) are 

toxic and potentially harmful to humans or the environment and 
catalyst contamination in the synthetic products must be carefully 
avoided. In pursuit of nanoparticle separation, centrifugation 
methods have shown their inherent limitations. Long centrifuga-
tion times (on the order of hours to days) are required to achieve 
good separation, and even then trace nanoparticle impurities are 
measurable.165 Centrifugation can also reduce nanoparticle’s col-
loidal stability and limit the ability to reuse them in subsequent 
reactions.199,200 Developing efficient alternatives to centrifugation 
is needed for efficient use of nanoparticle-based photocatalysts. 
One alternative could be acoustic separation, which uses acoustic 
waves to propagate through a liquid and separate particles 
through the generated periodic forces.201,202 Acoustic separation 
may take place in flow and does not require physical contact of 
the nanoparticles to specialized equipment. A potent alternative 
that can mitigate the requirement of post-synthetic separation al-
together is the adaptation of photoactive nanoparticles to packed 
beds in continuous flow photoreactors.169 However, this may re-
sult in the loss of active sites and reduce their efficiency.203,204 

Along with energy consumption concerns for the separation of na-
noparticles, the energy demands for the synthesis of nanoparti-
cles is also a concern. Here, biological pathways are of interest 
because they may provide more sustainable synthetic 
routes.205,206172 For example, TiO2 nanoparticles can be synthe-
sized using Annona squamosa (commonly known as the custard 
apple) peel extract.205 Other nanoparticles such as Ag nanoparti-
cles may synthesized using table sugar as a reducing agent.207  
While the synthesis and use of nanoparticles is an established 
field, recent environmental concerns include the effects of micro-
plastic contamination in the environment.208 In light of this, further 
investigations on the environmental impacts of nanoparticles will 
help determine if nanoparticles are feasible for scale up and in-
dustrial adoption as heterogeneous photocatalysts.206 

3. Polymer/ Polymer Network Photocatalysts 

Polymeric heterogeneous catalysts introduce unique benefits. 
Their inherent modularity provides opportunities to incorporate 
additional stimuli responsiveness (e.g., to heat, light, pH, 
etc.),209,210 or combine multiple disparate photocatalyst scaffolds 
(e.g., for photon upconversion).211 Polymer-based heterogeneous 
photocatalysts may take the form of linear and crosslinked poly-
mers – both conjugated and non-conjugated. 

Linear Photocatalytic Polymers 

Linear photocatalytic homopolymers and copolymers can be syn-
thesized from photocatalyst monomers. For this chemical modifi-
cation of photocatalysts into their respective monomers, particular 
consideration is important to not negatively influence photocata-
lytic properties. Careful monomer design has shown photocata-
lytic polymers being used successfully for a range of chemical 
transformations, e.g., RDRP,212 hydrogen213 or peroxide214 pro-
duction, degradation of chemicals (e.g. tetracycline),215 and other 
applications.216,217 However, synthetic products with a strong af-
finity towards the polymeric photocatalyst may become entangled 
with the catalyst and make purification prohibitively challenging. 
For polymerization reactions, it is important to recognize difficul-
ties in separating linear polymer photocatalysts from polymer 
products. Linear polymers are typically used as homogeneous 
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catalysts, and therefore are not ideal candidates for heterogene-
ous polymerization. Nonetheless, we wanted to include this class 
here as proper solvent choice may help in separating products 
from catalysts. 

Linear Conjugated Polymers 

The limited solubility of conjugated polymers in many organic sol-
vents – in tandem with their widely tunable bad gaps – makes this 
class of materials interesting for heterogeneous photocatalysis. 
Charge transfer states in conjugated polymers may be tuned by 
using different electron donors or acceptors, and this can be used 
to modify photocatalytic performance.218 For example, Lan et. al. 
studied linear conjugated polymers for photocatalytic hydrogen 
evolution under blue light in water.219 Notably, the polymer con-
formation impacted the hydrogen evolution rate, with bent struc-
tures underperforming almost four-fold when compared to the lin-
ear structure. A 20% decline in hydrogen production was found 
over 3 cycles (5 hours each), but performance was regenerated 
with the addition of more triethanolamine. To the best of our 
knowledge, linear conjugated polymers have yet to be used for 
photo-RDRP, but they may provide an interesting and effective 
approach due to different solubilities between conjugated and 
non-conjugated polymers. However, conjugated polymer net-
works have demonstrated notable capabilities in heterogeneous 
photocatalysis (see the section below dedicated to conjugated 
polymer-based photocatalysts).  

 
Figure 5. Photocatalytic gel reactor produced by Katzenberg et. al. featuring 
TiO2 nanoparticle photocatalysts for the degradation of methylene blue. Repro-
duced from ref. [234] Copyright (2020) with permission from the Royal Society 
of Chemistry. 

Pseudo-homogeneous Polymer Networks 

Alternative approaches have been developed to introduce the 
benefits of photocatalytic monomers into heterogeneous catalysis. 
Many of these alternatives leverage selective or reduced solubility 

in the reaction medium. For example, “pseudo-homogeneous” 
polymeric photocatalysts contain regions which are partially solu-
ble and can help with separation by solvent extraction.190,220,221 A 
pseudo-homogeneous copolymer nanogel was produced by Fer-
guson and co-workers.222 A photocatalyst monomer was copoly-
merized with N-isopropyl acrylamide and the resulting photocata-
lytic networks were studied for photocatalytic degradations, oxi-
dation of styrene, and the formation of disulfide bridges. Notably, 
the temperature responsiveness of these catalysts allows for re-
covery and reuse upon heating, i.e., phase separation of the 
nanogels from the solvents. 

Polymer Networks 

Crosslinked photocatalyst-functionalized polymer networks (or 
polymer gels) may be composed of either fully organic or hybrid 
materials that contain TiO2 or other nanoparticles.223 The dimen-
sions of photocatalytic gels are highly customizable and can be 
on the order of mm to cm to facilitate recovery through physical 
means after the reaction (e.g., removal by tweezers). Other ex-
amples have also shown gels on the nanoscale.224–226 Further, 
solvent penetration (or the degree of network swelling) can be 
modified by varying the degree of crosslinking.227 As such, de-
pending on their design, gels may enhance reaction kinetics 
through diffusion into the gel resulting favorable microenviron-
ments and increase active catalytic area.228–231 Photocatalytic pol-
ymer gels have been studied for hydrogen production,228 
wastewater treatment,225,232 dye degradation,216 and RDRP.224,233  

Because their macroscopic shapes and sizes are highly customi-
zable,227 polymer networks provide promising opportunities for 
continuous flow applications. For example, gels can either be 
used for packed beds,232 or as photoreactors which afford flow of 
reactants through channels within the photoactive gel itself.234 
This approach was leveraged by Katzenberg et. al.,234 who 
demonstrated a continuous flow reactor fabricated from a hydro-
gel composed ~1 wt% TiO2 nanoparticle photocatalysts encased 
in a copolymer of hydroxyethyl methacrylate and acrylic acid, 
which was crosslinked by ethylene glycol and dimethoxy-2-phe-
nylacetophenone (as crosslinker and photoinitiator, respectively, 
(see Figure 5). Photodegradation of methylene blue was carried 
out in the channels of ~1 mm diameter and ~26 mm length, reach-
ing ~20% removal at a flow rate of 5 mL/h under UV light. While 
leaching substrates into the gel reduced performance, further 
work could reduce substrate diffusion into the gel and increase 
degradation by e.g., modifying crosslinking densities or choosing 
network materials that are less soluble with the reagents.  

Multi-responsive Photocatalytic Polymer Networks 
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Figure 6. a) Schematic of chemical synthesis of phenyl-phenothiazine-based gel catalyst (gel-PTH), containing N,N-methylenebis(acrylamide) and N-isopropy-
lacrylamide comonomers. b) Kinetics of temporal polymerization of N-isopropylacrylamide, featuring on/off switching of polymerization with light. c) Photographs 
illustration the lower critical solution temperature (LCST) behaviour of the gel-PTH photocatalyst. d) Temperature-controlled polymerization of N-isopropylacrylamide 
using gel-PTH photocatalyst. Reproduced from ref. [224] Copyright (2017), with permission from American Chemical Society. 

An additional benefit of photocatalyst gels is the ability to intro-
duce dual responsiveness. Chen et. al. synthesized a polymer gel 
network by crosslinking 10-phenylphenothiazine (PTH) photo-
catalyst-monomer and N-isopropylacrylamide with N,N-meth-
ylenebis(acrylamide) (see Figure 6 & Table 1).224 The resulting 
thermoresponsive photocatalytic gel was used for the polymeriza-
tion of various monomers, including vinyl acetate, acrylates, and 
acrylamides to conversions exceeding 90% in 10 hours, with mo-
lecular weights ranging from 14,800 to 46,600 g/mol. Low disper-
sity (Đ < 1.2) and good retention of catalytic ability were found for 
at least 6 uses. Notably, the photocatalytic gel’s ability to respond 
to heat as a second stimulus can be leveraged to activate or de-
activate the gel. When subjected to heat, the gel shrinks and is 
reversibly deactivated, such that polymerization can be turned on 
or off (see Figure 6c). Heat treatment renders the gel collapsed 
and opaque, with the solvent no longer able to penetrate the pol-
ymer network. This collapsed state deactivates polymerization. It 
is unclear, however, whether the now opaque gel prevents cata-
lyst activity through steric hindrance (mass transfer limitations of 
regents to catalytic sites) or limited light penetration. This work 
highlights the importance of compatibility between the photocata-
lytic gels and the reaction solvent. Swelling ratios studied via the 
weights of the gels were performed. Less swelling in acetonitrile 
(Wswollen/Wdry ≈ 3) enabled more recycles without significantly sac-
rificing performance when compared to the better solvent, dime-
thyl formamide (Wswollen/Wdry ≈ 6). More suitable solvents resulted 
in more efficient swelling of the networks, which can reduce their 
structural integrity and can limit recyclability as the gels may 
weaken under stress.224,235 

Interpenetrating Polymer Networks 

A potential means to improve gel lifetime in good solvents is the 
inclusion of a second, more robust, polymer network. The 

resulting materials are interpenetrating networks comprised of 
two or more disparate crosslinked polymers that are held together 
through physical interactions.236 Li et. al. leveraged this approach 
and synthesized interpenetrating network gels that incorporated 
Eosin Y photocatalytic motifs (~2.4 mol% Eosin Y across both net-
works).233 The gels showed good control over dispersity (Đ <1.2) 
for molecular weights on the order of Mn ≈ 20,000 g/mol and only 
a 12% decline was found in conversion over 6 reuse cycles for 
PET-RAFT polymerization of dimethyl acrylamide. Notably, con-
trol studies with the single network Eosin Y polymer gel exhibited 
a decline in conversion of approximately 40% over the same 6 
reuse cycles. The single network gel color visibly faded over the 
reaction cycles, suggesting that the use of interpenetrating net-
works can indeed improve photocatalyst stability (see Figure 7 & 
Table 1). The authors suggest the decrease in recyclability ob-
served for the single network gel may arise from the potential 
blockage of catalytic sites by polymers during the polymerization, 
or by a deactivation or loss of Eosin Y catalysts on the surface of 
the gel.  
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Figure 7. a) Chemical structure of polymer network containing Eosin Y photo-
catalytic groups (SN-GEY). b) Recyclability of interpenetrating network Eosin Y-
based photocatalytic gel (IPN-GEY) versus single network (SN-GEY) counter-
part for the PET-RAFT polymerization of dimethylacrylamide. Reproduced from 
ref. [233] Copyright (2020), with permission from the Royal Society of Chemistry. 

Conjugated Polymer-Based Photocatalysts 

Conjugated polymer networks tend to not swell regardless of sol-
vent choice because of their strong π-conjugation and tightly 
crosslinked structures – yet they may disperse more readily de-
pending on the polarity of the solvent.237 Such high conjugation 
may be achieved by integrating the photocatalyst into the scaffold 
as a homo- or copolymer.238 Extended conjugation increases the 
potential for catalysis via sunlight, as Xiao et. al. showed, a con-
jugated porous polymer comprised of ethidium bromide and tri-
formylbenzene was effective for the reversible complexation-

 
Figure 8. a) Chemical structure, appearance, and schematic of polymer erythrosine B conjugated porous polymer (PEB)-CPP and polymer rose Bengal porous 
polymer (PRB)-CPP. B) Kinetics of dimethylacrylamide polymerization with PEB-CPP photocatalyst under green LED irradiation. c) Average conversion of dimethyl 
acrylamide after 12 h with recycling, and field-emission scanning electron microscopy image of PEB-CPP, scale bar is 200 nm. Reproduced from ref. [245] Copyright 
(2020), with permission from American Chemical Society. 

mediated radical polymerization (RCMP, Đ < 1.4) of MMA under 
sunlight without stirring.239 

Conjugated polymer networks – referred to in literature also as 
conjugated porous polymers (CPPs) or covalent organic frame-
works (COFs), provide tunable pore sizes.240 CPPs are different 
from COFs in that COFs provide crystalline structures while CPPs 
provide amorphous materials.241 In addition CPPs provide π-con-
jugation, while COFs may feature π conjugation, but not neces-
sarily. 237,242 CPPs and COFs have proven useful in a variety of 
photocatalytic syntheses such as PET-RAFT polymerization,27 
aza-Henry reactions,243 and hydrogen generation.244 

CPPs are classified by pore sizes, such as mesoporous (2-50 nm) 
or microporous (>50 nm).242 Smaller pore sizes are specially clas-
sified as conjugated microporous polymers (CMPs), which  fea-
ture pore sizes < 2 nm.237 CMPs are a popular photocatalyst ma-
terial, with the small pore sizes affording special features that 

warrant differentiation from CPPs in general. CMPs and their ap-
plications, as well as their outlook compared to COFs are expertly 
detailed in a review by Lee et. al.237 

Examples suggest that conjugated systems may enhance PC lon-
gevity. Li et. al. synthesized a 2-dimensional fully conjugated pol-
ymer based on erythrosine B and Rose Bengal lactone, conju-
gated with 1,2-diethynylbenzene (see Figure 8 & Table 1).245 
This approach was theorized to improve the interactions between 
PC and RAFT chain transfer agent through confinement in struc-
tures while also increasing the photocatalyst stability through π-
conjugation. This increased conjugation also resulted in a broad-
ening of the absorption ranges compared to homogeneous 
erythrosine B and Rose Bengal, extending, and enhancing ab-
sorption from the homogenous 450-580 nm range to 250-750 nm 
in the conjugated systems. The resulting materials were used for 
the PET-RAFT polymerization of dimethylacrylamide with conver-
sions exceeding 80% with molecular weights on the order of Mn ≈ 
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20,000 g/mol for a total of 8 cycles after recovery through centrif-
ugation. This suggests high catalyst stability as each polymeriza-
tion cycle was performed for 12 hours. Therefore, the developed 
photocatalysts demonstrated 96 hours of performance without ap-
preciable decline in efficiency. The authors also state that the cat-
alyst may be rejuvenated with Soxhlet extraction, suggesting that 
blockage of pores decreases performance, but this can be reme-
diated, and catalyst decomposition is insignificant. Hence, this 
work provides evidence that conjugated networks may extend PC 
lifetimes in comparison to homogeneous or non-conjugated ap-
proaches.  

CMPs used as cocatalysts also appear to result in seemingly 
long-lasting PCs. For example, Dadashi-Silab et. al. synthesized 
a PTZ catalyst-based CMP network conjugated with dimethox-
ybenzene (PTZ-CMP, see Figure 9 & Table 1) for copper-cata-
lyzed ATRP.246 Conjugation results in longer wavelengths for pho-
tocatalyst activation  – allowing use of UV-active PTZ (λmax=300 
nm in acetonitrile) under visible light irradiation, with PTZ-CMP 
showing absorption of wavelengths even above 600 nm. The use 
of milder wavelengths inherently increases catalyst stability while 
also reducing undesired side-product formation.246 The micron-
scale polymer networks with a 33 Å pore diameter were able to 
achieve high conversions and good control over ATRP with green 
520 nm light (Đ ≤ 1.1, conversion < 90%, for molecular weights 
ranging from Mn = 7,400 - 20,300 g/mol) of a variety of acrylate 
monomers under green light. No significant change was observed 
in conversion or dispersity over the span of 6 reaction cycles and 
recovery by centrifugation.  

 
Figure 9. a) Chemical structure of 10-phenylphenothiazine-based conjugated 
microporous polymer (PTZ-CMP). b) Molecular weight and dispersity of methyl 
acrylate polymerization using PTZ-CMP over multiple cycles. Reproduced from 
ref. [246] Copyright (2021), with permission from American Chemical Society. 

CPP pore sizes are not always reported, but some examples in-
dicate possible pore clogging as a potential limitation. Zhao et. al. 
developed a porphyrinic porous polymer with imidazolium 

bromide moieties, referred to as TPP-ImBr-CPP, which exhibited 
a microporous structure and could be recovered through centrifu-
gation.27 Their PC demonstrated efficacy for the PET-RAFT 
polymerization of a variety of acrylates and methyl methacrylate, 
with conversions ranging from 82-93% under blue light (460 nm) 
in 4 hours of reaction time. Dispersity was also low (Đ ≤ 1.23 in 
each case) for a range of molecular weights Mn = 18,600 - 30,400 
g/mol. The TPP-ImBr-CPP catalyst could be recycled at least 5 
times for the polymerization of methyl methacrylate, with a 5% 
decline in conversion over the recycles. Investigations determined 
a decrease in the catalyst BET surface area from 110 to 95 m2/g 
over these recycles, indicating potential polymer product clogging 
the pores.  

Along with pore sizes, CPP geometries also warrant considera-
tion. CPPs may also be engineered for particular geometries, 
such as nanosheets, which may improve the optical properties of 
the catalysts, allowing for deeper penetration of light into the re-
action medium as a result of higher surface area ratios achieved 
by 2D catalysts. Polyphthalocyanine-based conjugated network 
2D structures were fabricated for the PET-RAFT polymerization 
of methyl acrylate by Wei et al.247 The PCs notably demonstrated 
efficacy in the NIR region (760-850 nm), resulting from the conju-
gated system’s delocalized π electrons. No apparent decline in 
conversion was seen across 5 cycles of polymerization and chain 
extensions, with conversions at ~85-93% of methyl acrylate. The 
dispersity remained below Đ ≤ 1.2. The catalysts could also be 
used under irradiation through barriers, such as paper, chicken 
skin, and pig skin. The catalysts retained structural integrity 
across the recovery via centrifugation and reuse cycles. 

It remains unclear, however, if the pore size regularity and crys-
tallinity seen in COFs confers an advantage when compared to 
conjugated CMPs, which feature amorphous structures with more 
variation in pore sizes. COF PCs for polymerization are most fre-
quently used as initiators for free-radical polymerization248 or as 
cocatalysts for ATRP.249 There are also a few examples of COF 
PCs used in PET-RAFT polymerization.250 Yang et. al., investi-
gated COFs synthesized from  either 1,3,5-tris-(4-aminophe-
nyl)triazine or 1,3,5-tris(4-cyanophenyl)benzene and dimethoxy-
terephalaldehyde to produce COF PCs for “oxygen-/water-fueled” 
PET-RAFT polymerization.251 

Conjugated and non-conjugated polymeric photocatalysts may 
also be adapted to flow settings or scale up with reactor wall coat-
ings,252 and packed beds.253 A continuous flow approach with 
conjugated nanotube photocatalysts for PET-RAFT 
polymerization has also been developed, however this system 
requires the centrifugation of the product for catalyst recovery and 
recycling.254 Membrane reactors may improve on this approach, 
through using membranes that retain the catalyst in the reactor 
while letting the polymer products pass through. This was demon-
strated by Duan et. al., who created a suspended-catalyst-based 
membrane reactor with suspended hollow tetra(4-ethynylphenyl)-
21H-23H-poryphrin-based conjugated microporous polymer cata-
lysts.255 A cascade reactor was developed such that the catalysts 
were effectively retained within the reactor, while the membrane 
allowed for simultaneous separation of the polymer products. This 
system demonstrated efficacy under white and red (680 nm) light 
for the aqueous PET-RAFT polymerization of acrylamides. A res-
idence time of 6 hours resulted in conversions exceeding 80% for 
molecular weights spanning Mn = 41,200 - 138,000 g/mol. Homo-
polymers and block copolymers synthesized in the membrane 
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reactor demonstrated purities exceeding 95%, which outper-
formed dialysis (which removed 83% of impurities after a total of 
95 hours). Reaction medium viscosity, however, remained a sig-
nificant concern, with the addition and maintenance of water lev-
els required to avoid the clogging of the membrane. Another 
membrane reactor was developed by Wei et. al. for a similar PC 
as described in the 2D polymer network example by the same 
author, also showing effective synthesis and purity in the synthe-
sis of polymeric bioconjugates.256   

Continuous flow approaches using catalyst wall-coatings have yet 
to be applied for RDRP (to the best of our knowledge) but may 
represent a promising future opportunity. For example, Liu et. al. 
developed conjugated photocatalytic polymer coatings on glass 
coils for small molecule transformations in continuous flow.252 
Perylene diimide photocatalyst coatings were engineered by in-
jecting and evaporating the polymer solution (see Figure 10a). 
This continuous flow reactor was evaluated for a C-H bromination 
reaction under 450 nm blue light, at a flow rate of 250 μL/h, with 
a 1-hour residence time resulting in a 68% product yield (Figure 
10b).  

 
Figure 10. a) Chemical structure of perylene diimide-based conjugated photo-
catalyst polymer. b) Schematic of polymer-coated photocatalytic flow reactor for 
C-H bromination. Reproduced from ref. [252] Copyright (2022), with permission 
from Nature under the Creative Commons CC BY license. 

Outlook for Polymer Networks 

Various non-conjugated and conjugated polymer networks have 
shown promise in their ability to produce small and macromolec-
ular synthetic products through photocatalysis. While gels demon-
strate potential, certain limitations must be recognized and con-
sidered. Generally, compatibility between the networks and reac-
tion solvents must be carefully chosen. Incompatible solvents re-
duce diffusivity of substrates through the gels, which can de-
crease synthetic yields, while good solvents appear to reduce the 
recyclability of the gel. Another consideration that may limit prac-
ticality is that gels require thorough rinsing and soaking in solvent 
between each reuse cycle. This could limit the use of these ma-
terials in batch settings, as synthetic products may build up within 
the networks and reduce access to active sites over subsequent 
reaction cycles. Gel dimensions are another important parameter, 

as penetration of light into the gel will be reduced with increasing 
incorporation of photocatalysts and gel size (Beer-Lambert Law). 
Consequently, gels may exhibit non-uniform catalytic perfor-
mance with their centers showing less efficiency, therefore gel-
designs that feature non-absorbing comonomers are favorable. 
Near IR-absorbing gels also provide fruitful opportunities going 
forward. However, limited work exists to date on gels that catalyze 
photo-RDRP resulting – in part – from some of the challenges 
outlined above. Additional future work on optimizing swelling and 
catalyst loadings could further improve recyclability and efficacy 
for polymer synthesis. For conjugated polymer networks, further 
investigations detailing pore sizes could further improve their per-
formance in RDRP. Further investigation into continuous flow 
photoreactors using CPPs with careful investigation on CPP pore-
clogging and subsequent active site losses could also provide in-
teresting new prospects. Overall, polymer networks offer exciting 
opportunities for tunability and stimuli responsiveness while main-
taining good catalytic performance. 

4. Metal Organic Framework Photocatalysts 

Metal organic frameworks (MOFs) are hybrid structures com-
prised of metals that coordinate with organic linkers.257 As a result, 
MOFs can be modified by introducing photoactive sites on both 
the metals and ligands, or can use linkers to encapsulate the pho-
tocatalysts within the pores.258 Using these approaches, MOFs 
have been functionalized with carbazoles,259  xanthene dyes,260 
pyrene,261 and other photocatalytic groups258,259 and have shown 
efficiency for  the neutralization of hazardous gases,261 hydrogen 
generation,262 as well as in organic transformations.263,264 MOFs 
are inherently porous with tunable pore sizes – a key property that 
allows for good diffusion of substrates to the catalyst sites.265–267 
Simultaneously, plentiful opportunities arise to improve selectivity 
through modulation of the pore sizes.268 Highlighting the im-
portance of this porosity, breaking MOFs into smaller pieces to 
increase surface area has shown to not improve photocatalytic 
performance in some cases.264 For a more detailed discussion of 
MOFs and their utility in polymerization, we refer to more focused 
review articles.269–271  
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Figure 11. Structures of MOF-901 and MOF-902, used for the atom transfer 
radical polymerization of methyl methacrylate. Reproduced from ref. [275] Cop-
yright (2017), with permission from American Chemical Society. 

Early trials at using MOFs for polymerization showed photocata-
lytic free radical polymerization.272 Nguyen et. al. synthesized a 
TiO2-based MOF (MOF-901) for the ATRP of methyl methacrylate 
(see Figure 11 & Table 1).273 An earlier example that attempted 
ATRP showed 87% monomer conversion was reached, but an in-
creasing dispersity (Đ = 1.6) indicated a loss of control in 18 hours 
under compact fluorescent lighting. MOF-901 however showed 
no decline in performance after recovery through centrifugation 
over 3 reuse cycles, and notably outperformed commercial De-
gussa P-25 TiO2 nanoparticles, which has been considered to 
have set the standard for titania photocatalysts.274 As an alterna-
tive to MOF-901, a subsequent MOF-902 featured 4,4’-biphenyl 
dicarboxaldeyde (BPDA) linkers joining Ti6O6(OMe)6(AB)6 clus-
ters (see Figure 11). 275 This extended aromatic linker (compared 
to MOF-901) is hypothesized to improve visible light absorption 
by increasing conjugation. This linker also increased the pore size 
of MOF-902 to 16 Å (compared to 14 Å for MOF-901). For the 
ATRP of methyl methacrylate, MOF-902 vastly outperformed 
MOF-901, reaching a conversion of 84% with a lower dispersity 
(Đ = 1.11) and molecular weights up to 31,500 g/mol. Recycling 
MOF-902 over 5 cycles showed only a 3% decline in conversion, 
with an increase in dispersity from Đ = 1.11 to a maximum of Đ = 
1.20. It is unclear if the improvement in dispersity is achieved from 
a change in pore size, crystal structure, or the improved ability of 
the MOF to absorb light, but further systematic research could aid 
in identifying the most influential properties. 

To date, there is no clear consensus on whether a given MOF 
design will result in polymerization within pores or predominantly 
on the surface of the catalyst, and the systems studied are largely 
for thermal polymerizations.270 While it is possible to polymerize 
within MOF pores as small as ~8 Å, small pores may only accom-
modate a single polymer chain.276 Such confinement effects in 
polymerization have been shown to decrease the reaction kinetics 
as a result of decreased monomer diffusion.270,277 It is also possi-
ble that cocatalysts may not fit in the pores.278,279 On the other 
hand, Mochizuki et. al. studied controlled polymerizations in 
MOFs and showed that nanochannels can also suppress radical 
termination reactions, thus narrowing the molecular weight distri-
bution.270 Uemura et. al. further corroborated that the molecular 
weight distribution of polystyrene could be decreased from Đ =1.7 
to Đ = 1.5 by decreasing channel sizes from 7.5 Å to 5.7 Å.280 

MOFs catalyzing PET-RAFT may operate on the surface of the 
MOF rather than inside the MOF. Zhang et. al. developed Zr-
based MOFs containing Zn-metallated poryphrinic ligands, with 
MOF-525 (Zn) reaching 80% conversion of dimethyl acrylamide 
in 3 hours with Đ < 1.1 under yellow-green light 565 nm.281 Inter-
estingly, when MOF-525 (Zn) was produced at crystal sizes rang-
ing from 0.25 to 0.77 μm, the smallest MOFs showed kinetics 
about 4 times faster for the polymerization of methyl acrylate, po-
tentially resulting from the higher surface area to mass ratio seen 
in the smallest size (688 m2/g compared to 327 m2/g in the largest 
size). This suggests that polymerization may occur predominantly 
on the surface of the MOFs as opposed to within the MOF pores. 
Concentration optimization studies for a single size of MOF-525 
showed less drastic changes with varied loadings. Dispersity for 
each pore size remained below Đ = 1.3. MOF-525 (Zn) also 

demonstrated efficacy for the synthesis of bioconjugates, and cat-
alyst regeneration is possible by refluxing the catalysts in a solu-
tion containing zinc acetate. This afforded 10 or more total cycles 
of PET-RAFT polymerization .282  

MOF geometries that are 2D rather than 3D may be more efficient 
for light-mediated RDRP if it is known that polymerization is un-
likely to occur within the pores. A similar system of MOFs based 
on ZnTCPP in the form 2D nanosheets was developed in the 
same group, demonstrating remarkably fast kinetics with even 
80% conversions of acrylamides and acrylates reached in under 
18 minutes.283 This nanosheet system did exhibit agglomeration 
at concentrations at 0.5 mg/mL, which limits the effectiveness at 
higher loadings. Other examples of 2D nanosheets for PET-RAFT 
polymerization include ZnTCPP systems in conjunction with po-
rous coordination networks (PCN-134) showing cytocompatibility 
with Hek293 cells 284 and in human cell culture mediums285 to ex-
pand the potential for PET-RAFT in biological settings. In general, 
nanosheets have emerged as a promising material for heteroge-
neous photocatalysis as a result in their improved optical proper-
ties compared to bulkier MOFs, which suffer from reduced light 
penetration in the reaction medium. 

MOFs have also been used successfully as cocatalysts for RDRP. 
For example, an anthracene-functionalized zirconium-based 
MOF (NNU-28) showed success as a cocatalyst to reduce copper 
complexes under 520 nm and afford Cu-catalyzed ATRP of meth-
acrylate monomers.278 Low dispersity was achieved (Đ = 1.1–
1.25), but because the copper complexes were not able to diffuse 
into the MOF pores, monomer conversions did not exceed ~60% 
over the course of 3 recycles. Molecular weights ranged from 
8,000 to 18,000 g/mol in the polymer products that were controlled. 
Highlighting the required synergy with Cu complexes, the Zr-
based MOFs did not achieve control over polymerization when 
used in the absence of copper complexes.278  

Along with functioning as cocatalysts, MOF structures may also 
be used to encapsulate photocatalysts. For example, Xia et. al. 
demonstrated the utility of Zr-based (PCN-222) MOFs to house 
CsPbI3 perovskite photocatalysts. This PC was successfully used 
for PET-RAFT polymerization of methyl methacrylate under sun-
light (wavelengths of light ranging from 460-850 nm).286 In addi-
tion, the PCs were able to polymerize styrene under red light up 
to ~85% conversion in 4 hours. Two chain extensions of poly(me-
thyl methacrylate) resulted in an ultrahigh molecular weight prod-
uct of 1,730,000 g/mol and Đ = 1.02. While investigation deter-
mined aqueous environments provide for strong confinement of 
the perovskites within the Zr-MOF, the use of lead-based materi-
als represents a major potential hazard to human health and the 
environment.287 This highlights the discrepancy between catalytic 
performance and ecological concerns, requiring appropriate risk-
assessment and safety regulations to prevent human and envi-
ronmental exposures.  

Some reports of polymers266 or surfactants288 clogging MOF pores 
highlight that extra consideration is required for the design of 
MOFs for polymerization. As mentioned in the work by Zhang et. 
al., catalyst rejuvenation via refluxing may recover catalyst perfor-
mance, suggesting that catalyst clogging may be a greater con-
cern than MOF photodegradation.281 Perhaps catalysis on the 
surface of the MOF may offer increased longevity by reducing pol-
ymer pore clogging. 
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Outlook for Metal Organic Framework Photocatalysts 

In summary, MOFs represent a major class of heterogeneous 
photocatalysts that offer porous structures with large surface ar-
eas. MOFs have proven useful for RDRP, but further work is 
needed to determine pore sizes and linkers best suited for fast 
kinetics and low dispersities. Since MOFs may tailor pore sizes 
for single chains, they may prove useful for more fundamental ap-
plications where mechanistic insights may be gained. However, 
further investigation is needed to determine if polymerization oc-
curs within the MOF, or on the MOF surface, as this may further 
aid and inform MOF design. Thermal systems for polymerization 
show evidence that dispersities may be lowered in tailored pore 
sizes, but evidence for MOFs catalyzing RDRP seems to suggest 
that these systems are photocatalytic mainly on the surface. It is 
unclear if pore clogging is the main cause of these observations.  

5.   Solid-Supported Photocatalysts 

The tethering or immobilization of photocatalysts to inert solid 
supports provides unique benefits. In contrast to nanoparticle sur-
face modification, macroscopic solid supports can facilitate cata-
lyst recovery or provide structural scaffolding to support the cata-
lyst within complex 3D structures. Common support materials in-
clude inorganics (e.g., glass),289–293 organics (e.g., plastic 
beads),294,295 or insoluble biomaterials (e.g., cellulose).32,296 Gen-
erally, inexpensive and abundant support platforms also provide 
potential to increase sustainability in heterogeneous photocataly-
sis.  

Inorganic Supports  

Glass supports (SiOx) are inexpensive, transparent for much of 
the photocatalysis-relevant optical spectrum, and can be readily 
modified through versatile silane chemistry, such as alkoxysilanes 
or chlorosilanes.297 Modifying glass surfaces with these groups is 
experimentally well-established. For example, 3-aminopropyltri-
ethoxysilane (APTES) is a common reagent to functionalize SiOx 
surfaces with reactive primary amines.297 APTES grafting density 
can be modified experimentally to 2.1 - 4.2 amine groups per 
square nanometer.297,298 Furthermore, glass beads are commer-
cially available in a variety of sizes and dimensions may be cho-
sen for continuous flow applications.293 Spherical glass beads of 
sufficiently large size have been demonstrated particularly useful 
for photocatalysis.  

While glass is chemically inert, its optical properties may provide 
synergistic effects in photoreactors when used as a packing ma-
terial. The curvature of glass beads improves light scattering, 
which has been shown by Zheng et. al. to increase reaction rates 
in continuous flow.299 The authors found that glass beads of ~75 
μm diameter increased the reaction rates for an E-to-Z isomeriza-
tion of (E)-prop-1-en-ylbenzene, an aryl amination, a photo-medi-
ated hydrogen atom transfer, and an allylic alkylation. For the 
isomerization reaction catalyzed by homogeneous Ir(ppy)3 under 
blue LEDs, the reactor packed with glass beads reached a yield 
of 80% compared to the 50% achieved by the reactor without 
glass beads for the same 15 minutes of residence time. However, 
the available SiOx surface area must be carefully considered. 
There exists a tradeoff between smaller beads providing larger 
surface areas for catalyst grafting, but smaller sizes may result in 

more difficult recovery (see nanoparticles). Particle size also 
changes applicability in continuous flow applications as a signifi-
cant pressure drop may occur because of restricted flow – espe-
cially considering increasing viscosities throughout a polymeriza-
tion. For a discussion on photocatalytic and continuous flow reac-
tors, the reader is referred to a review by McCullagh et. al.300 

 

 
The most widely investigated photocatalyst coating is titania,301 
which can be deposited on glass surfaces through spray coat-
ing302 or chemical deposition.303 Studies by Verbruggen et al. 
have shown that coating glass beads of 2 mm diameter with TiO2 
can result in higher reaction yields for the degradation of ethylene 
compared to pellets, with the coated glass approach using less 
catalyst material.304  

Recent years have also spawned increasing interest in surface-
immobilized organic and organometallic coatings – especially 
considering research has indicated surface-immobilization could 
extend the useful lifetimes of transition metal complex and organic 
photocatalysts.193 Immobilization can be pursued in the form of 
monolayers,305 or surface-tethered photocatalytic polymers.306   

The solid-supported photocatalyst monolayer approach was also 
employed by Barbante et. al., who produced recyclable silica-
bead based photocatalysts through coupling {[Ru(bpy)2(mba-
bpy)](PF6)2} to commercial amine-functionalized glass beads of 
40-63 μm diameter.307 The resulting photocatalysts were used for 
the synthesis of phenylthiadiazolamine under blue LEDs, reach-
ing a yield of ~50-58% for 8 use cycles and collection with vacuum 
filtration. For RDRP polymerizations, it is unclear if microparticles 
provide enough surface area for sufficient catalyst loadings, and 
therefore this approach is more commonly seen with nanoparti-
cles.  

 
Figure 12. a) Schematic PET-RAFT polymerization of methyl methacrylate us-
ing fluorescein-based polymer brushes tethered to glass beads (FPB@SiO2) in 
DMSO with triethyl amine (TEA) as the sacrificial electron donor, and 4-cyano-
4-(phenylcarbonothioylthio)pentanoic acid (CPADB) as the RAFT agent. b) Re-
cyclability of fluorescein-based polymer brush-coated glass beads for the PET-
RAFT polymerization of methyl methacrylate. Reproduced from ref. [308] Cop-
yright (2022), with permission from the Royal Society of Chemistry. 
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To increase the concentration of surface-tethered photocatalysts, 
photoactive polymer brushes provide promising opportunities. 
Bell et. al. demonstrated glass beads as useful supports for pho-
tocatalytic copolymer brushes.306,308 Fluorescein o-acrylate was 
copolymerized with methyl acrylate at varying mol.% from the sur-
face of micron-sized (< 106 μm) glass beads using a surface-ini-
tiated RAFT approach. The resulting heterogeneous fluorescein-
based photocatalysts showed success for a cyclic condensation 
reaction as well as a radical dehalogenation reaction.309 Both re-
actions featured recyclability, with the cyclic condensation reac-
tion showing negligible decline in conversion over 10 uses.306 In 
an extension of this work, the PC@SiOx beads also showed good 
control over PET-RAFT polymerization of a variety of acrylates 
and methacrylates under blue light (465 nm), achieving molecular 
weights ranging from Mn = 10,200 up to Mn = 66,700 g/mol.308 For 
the case of methyl methacrylate, good control (Đ < 1.3, conver-
sions > 60%) and high conversions (see Figure 12 & Table 1) 
were observed. The beads were recoverable through filtration and 
maintained ability over the 8 cycles of use and cleaning. Polymer 
brushes offer added ability for customization of the local catalyst 
environments, as well as stimuli responsiveness. Stimuli respon-
siveness has been shown with thermally responsive photocata-
lytic brushes on silica nanoparticles that have been demonstrated 
for the hydrolysis of p-nitrophenyl acetate.310 On micron-scale 
glass beads, stimuli responsiveness to heat has also been shown 
with NIPAAM comonomers used with fluorescein-based photo-
catalytic polymer brushes to enhance photocatalytic activity upon 
heating.311 In addition, polymer brush composition can be tailored 
to enhance the longevity of surface attachment of grafted mole-
cules.  

 
Figure 13. a) Scanning electron micrograph of the nanofibrous 
chitin microspheres functionalized with a N-isopropylacrylamide 
and Eosin Y-acrylate-based polymer (NCPNIEY; scale bar is 100 
μm). b) Kinetics of 4-acryloylmorpholine polymerization at differ-
ent concentrations with NCPNIEY photocatalysts. Insert shows 
aggregation behaviour with increased temperature, which facili-
tates recovery. c) Recyclability of NCPNIEY microspheres for the 
polymerization of 4-acryloyl morpholine, dimethyl acrylamide, and 
N,N-diethylacrylamide. Reproduced from ref. [318] Copyright 
(2022), with permission from Elsevier B.V 

As discussed, triethoxy silanes are a common choice for covalent 
attachments of organics to glass, however these systems suffer 
from degrafting via hydrolysis.312 To retain surface attachment, 
hydrophobic polymers have been demonstrated to reduce poly-
mer brush degrafting.313 Some potential limitations of the photo-
catalyst polymer brush approach are related to the “grafting from” 
method, which requires the synthesis and tethering of a polymer-
ization initiator (and e.g., adds cost and effort for RAFT or ATRP 
initiators).314 Moreover, during synthesis of the photocatalyst, ap-
preciable amounts of polymer catalysts grown in solution were not 
initiated from the tethered RAFT agents, resulting in the waste of 
photocatalyst monomers. 
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Porous SiO2 supports can increase the available surface area for 
grafted catalysts, and the pore structures can lead to enhanced 
mass transport. For example, Marques et. al. immobilized TiO2 
nanoparticles onto micron-scale porous silica (~47 μM diameter) 
scaffolds.315 The catalysts were irradiated with a Xe lamp at 255 
W to simulate sunlight and were evaluated for the photocatalytic 
degradation of methyl orange and paracetamol in a packed bed 
reactor at a flow rate of 5 mL/min. Notably, when scaled for the 
mass of TiO2, this system performed similarly if not better to other 
reported systems of similar loadings of TiO2. In addition, the mi-
crospheres did not exhibit degradation, nor were washing treat-
ments required between uses.  

Finally, glass wool is also an attractive support material because 
it can increase the available surface areas for grafting photocata-
lysts.290,316,317  Teixeira et. al. demonstrated the versatility of glass 
wool as a support through the attachment of different photocata-
lysts: Ru(bpy)2dppa(PF6)2, Ru(phen)2dppa(PF6)2, Eosin Y, antra-
quinone, and Rose Bengal to aminopropyl triethoxysilane-modi-
fied glass wool.290 Each catalyst was found to be recyclable for at 
least four uses in the photooxidation of dimethylanthracene. As 
such, glass wool would also provide an interesting platform to ex-
plore for heterogenous photocatalysts in RDRP. 

Organic Support Materials 

Organic solid supports for photocatalysts may be comprised of 
polymer gels225 or biomaterials (e.g., chitin).318 Guo et. al. pro-
duced microsphere photocatalysts using nanofibrous chitin bead 
supports for Eosin Y and N-isopropylacrylamide copolymers (see 
Figure 13 & Table 1).318 The obtained microspheres were evalu-
ated for the polymerization of 4-acryloyl morpholine, dime-
thylacrylamide, diethylacrylamide, and other water-soluble mono-
mers. For 4-acryloyl morpholine, the catalysts achieved notable 
conversions ranging from 81-99% with low dispersity (Đ = 1.08-
1.25) for molecular weights ranging from 27,900 to ~90,000 g/mol 
under 520 nm irradiation. Heating to 37 ᵒC induced aggregation 
as a result of the altered solubility of the material and facilitated 
catalyst recovery. This allowed for the photocatalysts to be re-
used over 6 recycles with negligible changes in conversion and 
dispersity.  

Fibrous organic supports again provide larger surface areas to 
immobilize photocatalysts. Examples include polymer (PDMS) 
sponges319 or cellulose in the form of cotton threads32,296,320 – all 
of which can be easily removed by physical means such as twee-
zers. As a result of their flexibility and thin diameters, such fibrous 
supports can be packed into reactors of various shapes, and pro-
vide a means to scale up photocatalysis in continuous flow ap-
proaches.319  

 
Figure 14. a) Schematic of Eosin Y-functionalized cotton threads. b) Recyclabil-
ity (monomer conversion and dispersity over 6 cycles) of EY@cotton thread cat-
alysts for the polymerization of methyl acrylate after 20 hours under green light. 
Reproduced from ref. [296] Copyright (2020), with permission from Wiley-VCH. 

Chu et. al. synthesized a carboxylic acid-functionalized variant of 
zinc tetraphenylporyphrin (ZnTPP) that could be reacted with hy-
droxyl groups on cellulose supports.32  The resulting ZnTPP@cel-
lulose photocatalysts were effective for the PET-RAFT polymeri-
zation of acrylates and methacrylates under 635 nm light. For ex-
ample, 72% methyl methacrylate conversion was observed in 24 
hours (Đ = 1.08), and molecular weights ranged from 6,000 to 
27,100 g/mol. The cotton scaffold fared better than the cellulose 
sponge, likely due to better light penetration through the fibers as 
opposed to the porous system. However, both demonstrated sig-
nificant loss in efficacy: the cotton scaffold dropped from 65% to 
36% conversion over the course of 5 cycles, whereas the cellu-
lose sponge scaffold dropped from ~59% to 28% over the same 
5 recycles. Conversion declines were likely a result of demetalla-
tion of the Zn centers, with ~30% of the original loading of Zn lost 
from the complexes per use.  

To mitigate this metal leaching, fully organic photocatalyst alter-
natives have also been studied tethered to cotton threads for 
PET-RAFT. Chu et. al. immobilized Eosin Y onto cotton threads 
(EY@cotton, see Figure 14 & Table 1) and demonstrated im-
proved recyclability compared to ZnTPP@cellulose system.296 
Five recycles were performed for the polymerization of methyl 
acrylate. A decline in conversion was seen from 75% on the first 
cycle to 69% on the 5th cycle (Figure 14b). Less than 0.3 μg of 
Eosin Y was leached into the solution with each cycle, indicating 
only minor catalyst contamination in the final product.  

Tetraphenylporphyrin-functionalized cotton thread supports were 
also successfully used in continuous flow for PET-RAFT polymer-
ization.88 Dimethylacrylamide conversion of 65% was reached 
with a 10 hour residence time with a flow rate of 1.93 μL/min. No-
tably, the system maintained conversions (within 2%) for 20 hours. 
In batch settings, the catalyst demonstrated recyclability for at 
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least 5 cycles. Both batch and flow achieved molecular weights of 
about 15,000 g/mol, indicating no apparent mixing or viscosity 
concerns at this targeted molecular weight. This study represents 
one of the few current examples of a heterogeneous photocata-
lytic RDRP in continuous flow. In comparison, for homogeneous 
photocatalytic systems, RDRP can achieve molecular weights 
that range from ~3500 g/mol (Đ = 1.5, flow rate = 1 μL/min)321 to 
up to 106,000 g/mol (Đ = 1.22, flow  

rate = 30 μL /min).322 Viscosities and flow regimes, such as turbu-
lent or laminar, are major factors affecting the polymer products, 
with the potential for different molecular weights at different 
depths within the reactor.323 Heterogeneous systems are ex-
pected to add potential challenges related to inhomogeneities 
within the reactor, increased pressure drops across the flow re-
gions, and decreased light penetration. Consequently, it is uncer-
tain to date what limitations on molecular weights will be found for 
these new systems. 

Outlook for Solid-Supported Photocatalysts 

Using solid supports – fibrous materials (e.g., cotton or cellulose) 
or glass beads – can present desirable means for the heterogen-
ization of photocatalysts. Support materials must be carefully con-
sidered for chemical compatibility as well as for their capacity to 
provide adequate catalyst loadings. Limitations for fibrous sup-
ports include potential irregularities of packing density in chemical 
reactors, possibly resulting in non-uniform reaction rates through-
out the medium. Fibrous supports in batch settings may also re-
duce the efficient mixing of reactants. It can also be challenging 
to fine tune the amount of tethered photocatalysts. Grafting den-
sities are pre-determined through the available functional groups 
on the supports and the efficiency of both the chosen functionali-
zation chemistry and possible steric hindrance play significant 
roles. Notably, this contrasts with polymer networks, where cata-
lyst incorporation (and characterization thereof) is facilitated. Fur-
ther work in this arena could further develop the feasibility of 
RDRP in continuous flow settings.
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Table 1: Summary of Heterogeneous PCs for RDRP 
Details provided in the table are for the recycled catalysts conditions if available

 

[a] Cocatalyst. [b] Not shown for recycling experiments. [c] Results for final cycle. [d] Chain-extension. N/A denotes not available. Monomer abbreviations are as 
follows: MA: methyl acrylate; MMA: methyl methacrylate; n-BA: n-Butyl acrylate; DMA: dimethylacrylamide; NIPAAM: N-Isopropylacrylamide;BMA: Benzyl 
methacrylate; TFEA: 2,2,2-Trifluoroethyl acrylate,PEGMA475: Poly(ethylene glycol) methacrylate, DEA: N,N-Diethyacrylamide, AMP: 4-Acryloylmorpholine 

6.   Summary and Outlook 

Heterogeneous photocatalytic systems combine the benefits of 
sustainable photocatalysis with simplified purification procedures. 
As outlined throughout this article, research on heterogeneous 
photocatalysis has shown great promise for catalytic performance 

and recyclability, often demonstrating efficacy after many cycles 
of use. Herein, we discussed four categories: (i) nanoparticles, (ii) 
polymer networks, (iii) metal-organic frameworks (MOFs), and (iv) 
solid supported PCs , Table 1 highlights selected literature exam-
ples and their performance in recycling. We discussed examples, 
advantages, and limitations of photocatalytic nanoparticles, poly-
mer networks, metal-organic frameworks, and solid supported 
photocatalysts on various porous and non-porous substrates. In 

Catalyst RDRP Type(s) Monomer Solvent Light Source 
λmax 

Mn, Đ Number of Cy-
cles 

Ref(s) 

Nanoparticles 

ZnOa ATRP MMA MeCN 350 nm 8,100, 1.23 N/A 176 

Fe-doped ZnOa ATRP MMA MeCN 350 nm 11,900, 1.18 N/A 176 

Eosin Y@SiO2 PET-RAFT n-BA NMP 515 nm ~10,000, 1.13-
1.16 

5 166 

β-NaYF4,Yb3+, Tm3+ 
@SiO2a 

ATRP MA DMSO 980 nm ~16,000, ~1.25 5 15 

UCNP+@SiO2@N-
CDsa 

ATRP MMA DMF 980 nm N/A 5 197 

Mercaptopropionic 
acid-capped CdSe 
QDs 

PET-RAFT DMA Water 532 nm 6000-14,300, 
1.03-1.20 

5 165 

CsPbBr3 nanocrystals PET-RAFT MA,BA,TFEA Toluene 480 nm 2,200-40,000, 
≤1.09 

N/A 182 

Polymer Networks/Gels 

Gel-PTH PET-
RAFTb,ATRPb, 
photoiniferter 

NIPAAM MeCN 14 W CFL ~21,000, <1.20 6 224 

PTZ-CMPa ATRP MA MeCN 520 nm ~21,000, ≤1.1 6 246 

Eosin Y IPN Gel PET-RAFT DMA Water 520 nm N/A 6 233 

PEB-CPP PET-RAFT DMA DMSO 520 nm N/A 8 245 

TPP-ImBr-CPP PET-RAFT MMA DMSO 460 nm ~16,000c, 1.2c 5 27 

PPc-n; PPc-p PET-RAFT MA DMSO 760 nm; 850 nm ~8500-42,500d, 
<1.2; ~9,500-
47,500d,<1.2 

5 (w/ chain ex-
tensions) 

247 

TAPPy-TPA-COFa ATRP MMA MeCN White LED 12,600-
5,400,1.14-1.22 

4 249 

TAPT-COF PET-RAFT PEGMA475 Water White LED N/A,<1.5 5 251 

DMTA-COF PET-RAFT PEGMA475 Water White LED N/A,<1.25 5 251 

MOFs 

MOF-901 ATRP MMA DMF 55 W, CFL 24,900-26,900, 
1.6 

3 273 

MOF-902 ATRP BMA 1,4-Dioxane 55 W, CFL 30,000-32,000, 
1.11-1.20 

5 275 

MOF-525 (Zn) PET-RAFT MA DMSO 565 nm 14,800-
18500,≤1.18 

6 281 

NNU-28a ATRP MMA MeCN 520 nm Xe arc 
lamp 

N/A 3 278 

CsPbI3@PCN-222 PET-RAFT MMA DMSO 850 nm ~17,000, <1.15 6 286 

Solid-supported PCs 

Fluorescein-based pol-
ymer brush@SiO2 
beads 

PET-RAFT MMA DMSO 465 nm 12,900-
17,100,<1.3 

8 308 

Eosin Y-based poly-
mers@chitin micro-
spheres 

PET-RAFT AMP,DMA,DEA Water 520 nm N/A,<1.2 6 318 

ZnTPP@cotton PET-RAFT MA DMSO 635 nm N/A 3 32 

Eosin Y@cotton 
threads 

PET-RAFT MA DMSO 530 nm N/A, ≤1.20 5 296 

TPP-TA-N@cotton 
threads 

PET-RAFT DMA DMSO 530 nm N/A,<1.15 5 88 
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brief, nanoparticles have demonstrated efficacy, but material 
losses in recovery by centrifugation still represent a significant lim-
itation. Polymer networks have also shown promise, but chal-
lenges arise from polymer swelling and dispersion. MOFs have 
been studied for controlled polymerization, but further investiga-
tion is needed to determine how pore sizes affect efficacy and 
reusability. Finally, solid supports offer readily available materials, 
but mass transfer limitations due to their macroscopic sizes must 
be considered.  

Generally, increased understanding and further improvements 
are required to leverage the full benefits of these (and other) het-
erogeneous photocatalysis on larger scales. A more detailed 
elaboration on light intensities and irradiation timeframes would 
benefit future researchers to compare new systems to established 
approaches. Material stability also requires further investigation 
as it is not yet completely understood how to select PCs for long-
term use. To this end, a more comprehensive understanding of 
photobleaching of immobilized photocatalysts would benefit the 
field significantly.  

Many reports of heterogeneous photocatalysts document catalyst 
choice as the result of only a few trials with only a few of the com-
mercially available xanthene dyes with single-step modifications. 
More thorough analyses of catalyst behavior in their relevant en-
vironments could lead to enhanced designs that are able to bal-
ance desired catalyst activity with the desired catalyst stability. 
Particularly for heterogeneous photo-RDRP, a focus in literature 
has been on PET-RAFT polymerizations and expansion towards 
photo-ATRP could provide interesting findings.  

Scaling up photocatalysts as continuous processes and for indus-
trial adoption still presents significant challenges. For continuous 
flow applications, an ideal scenario would involve catalysts with 
high stability and durability to assure active functionality without 
catalyst rejuvenation or replacement of the packed bed. As heter-
ogeneous photocatalysts are developed, recycling studies that 
extend the duration until significant decline is observed would aid 
further understanding of catalyst lifetimes. Many heterogeneous 
photocatalysis studies in continuous flow to date operate on flow 
rates ranging on the order of microliters to milliliters per minute. 
Scaling-up of such lab-scale reactors is non-trivial  as material 
selection, light penetration, and pressure regulation all become 
considerable obstacles. Increased viscosities in polymer-contain-
ing reaction mediums are also expected to result in significant 
challenges with respect to operating pressures and heterogene-
ous packed photoreactors are expected to further exacerbate this 
challenge.  

In conclusion, heterogeneous photocatalysis offers great potential 
in providing for a sustainable future. However, given the success 
of the organic photocatalysts detailed in this review, it is feasible 
that even more effective non-TiO2-based catalysis may be discov-
ered and established for these applications. As such, the future 
holds great promise for these materials to realize more sustaina-
ble and effective means to control both the construction and de-
construction of polymers. 
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