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Electroactive materials are central to myriad applications, including energy
storage, sensing, and catalysis. Compared to traditional inorganic electrode materials,
redox-active organic materials such as porous organic polymers (POPs) and covalent
organic frameworks (COFs) are emerging as promising alternatives due to their structural
tunability, flexibility, sustainability, and compatibility with a range of electrolytes. Herein,
we discuss the challenges and opportunities available for the use of redox-active organic
materials in organoelectrochemistry, an emerging area in fine chemical synthesis. In
particular, we highlight the utility of organic electrode materials in photoredox catalysis,
electrochemical energy storage, and electrocatalysis and point to new directions needed to
unlock their potential utility for organic synthesis. This Perspective aims to bring together
the organic, electrochemistry, and polymer communities to design new heterogeneous

electrocatalysts for the sustainable synthesis of complex molecules.
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Electrochemistry is vital to energy storage, chemical
manufacturing, separations, sensing, and beyond.]_4 Over the
past decade, electrochemistry has (re)emerged as a powerful
tool for the synthesis of complex molecules as well.”~* The key
advantages offered by organic electrosynthesis include access
to novel reactivity patterns, waste reduction, safety, scalability,
and sustainability.10 Similar to photoredox catalysis, electro-
synthesis facilitates retrosynthetic disconnections based on
single electron transfer (SET) that are difficult to replicate
using traditional two-electron logic.''* As such, countless new
electrochemical synthetic methodologies are being developed,
changing the way we make organic molecules relevant to the
pharmaceutical and fine chemical industries.

Most electrochemical transformations proceed via electron
transfer to/from the substrate at an electrode surface.
However, organic molecules tend to interact poorly with the
surfaces of common electrode materials, slowing the kinetics of
such direct electrolysis reactions and leading to undesirable
side reactions."”> To overcome these limitations, molecular
catalysts that shuttle electrons between the substrate and
electrode—referred to as redox mediators—have been
developed to enable the functionalization of inert substrates
such as unactivated haloarenes.'*~'® This approach is termed
indirect electrolysis. The vast majority of such mediators are
homogeneous, which decreases their stability, scalability, and
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recyclability. Molecular redox mediators or electrocatalysts can
be grafted to electrode surfaces to overcome some of these
drawbacks.'¢™'* However, immobilized mediators remain
underutilized in organic electrosynthesis, likely due to
challenges associated with their preparation, characterization,
and reliable attachment to electrode surfaces.

Inorganic solids currently dominate applications in electro-
chemistry, such as for secondary batteries and super-
capacitors.'” However, traditional inorganic electrode materials
such as LiCoO, suffer from several key challenges, including
high processing and mining costs and poor sustainability.”’ In
recent years, redox-active polymers have emerged as promising
alternatives for electrochemical energy storage due to their
structural tunability, flexibility, adaptability with a range of
charge-compensating ions, high theoretical capacity, and low
cost (Figure )27 Organic electrode materials are of
particular interest for applications that require fast electro-
chemical charge/discharge rates, such as in automobiles.”* The
major barriers to the wide-scale deployment of organic
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Figure 1. Types of polymer battery electrodes (left), molecular redox mediators (right), and shared desirable traits between the two applications as
inspiration for electrocatalysis (middle).

electrode materials are limited cycling stability, dissolution into discussing future directions for the field (section S). This
organic electrolytes, and poor electronic conductivity.”"*** Perspective aims to bring together the battery, polymer,
Nonetheless, emerging structure—property trends are guiding organic, and electrochemistry communities to identify new
the development of next-generation organic battery materials redox-active organic materials suitable for the sustainable

with improved performance.” "' production of complex molecules via heterogeneous organic

Considering the utility of (immobilized) molecular redox electrosynthesis.
mediators in electrocatalysis and of organic electrode materials
for electrochemical energy storage, it is surprising that redox-
active polymers remain understudied as heterogeneous

electrocatalysts for organic synthesis (Figure 1). This gap is Photoredox catalysis involves SET between the catalyst and
particularly notable because redox-active organic materials substrate. Thus, drawing inspiration from photoredox catalysis
have been widely studied as photoredox catalysts in organic with polymeric materials offers valuable insights into their
synthesis®>~*" and as electrocatalysts in the context of clean potential for heterogeneous organoelectrocatalysis as well. The
energy and sustainability.””~*® Herein, we outline the vast majority of photoredox transformations involve homoge-
challenges and opportunities available for polymers as neous catalysts,”" yet recent work has demonstrated the
heterogeneous redox mediators relevant to organic synthesis, promise offered by heterogeneous catalysts.38 Heterogeneous
with an emphasis on amoprhous porous organic polymers photoredox catalysis relevant to energy and environmental
(POPs) and crystalline covalent organic frameworks applications has been ext_esnséiXer reviewed and is beyond the
(COFs).*™° First, we present promising examples of scope of this Perspective.” " In this section, we focus on the
photoredox catalysis with POPs and COFs, focusing on use of organic materials as hetgzzri)%eneous photoredox catalysts
examples in which unique reactivity patterns can be achieved relevant to organic chemistry.
compared to molecular systems (section 2). This discussion
highlights the potential of polymeric organic materials to POPs have been widely utilized as heterogeneous photo-
facilitate further redox transformations. Second, we discuss the catalysts in organic transformations, owing to their low cost,
redox properties of insoluble organic materials, highlighting structural robustness, high tunability, and good recyclabil-
their promising features compared to traditional inorganic ity.38’65 Since the seminal work by Lin and co-workers in
electrode materials (section 3). Last, we highlight desirable 2011, in which photoactive moieties such as [Ru(bpy);]**
features demonstrated by redox-active polymers as electro- (bpy = 2,2'-bipyridine) and [Ir(ppy),(bpy)]* (ppy = 2-
catalysts, with CO, reduction and alcohol oxidation as phenylpyridine) were immobilized into cross-linked polymer
representative examples (section 4). We conclude by networks, conjugated polymeric photocatalysts (CPPs) have
259 https://doi.org/10.1021/acsmaterialsau.3c00096
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Figure 2. (a) Monomers and synthetic scheme for conjugated polymeric photocatalysts (CPPs) 1—6. (b) Visible light-induced cross
dehydrogenative coupling of N-phenyltetrahydroisoquinoline (1a) with diethyl phosphonate (2a). (c) Comparison of photocatalytic process
between small molecule and polymer photocatalysts. Adapted with permission from ref 65. Copyright 2022 American Chemical Society.

been synthesized from various photoactive building blocks
such as Rose Bengal,m’é8 BODIPY,” carbazoles,®>”° and
phenothiazines.71 For example, Chen, Yu, and co-workers
synthesized a series of six CPPs (CPP1—6) based on 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) mono-
mers via nucleophilic aromatic substitution and Sonogashira—
Hagihara coupling (Figure 2a).”> These as-synthesized CPPs
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were characterized by Fourier-transform infrared (FT-IR)
spectroscopy and solid-state cross-polarized magic angle
spinning (CP/MAS) *C NMR. Their amorphous nature was
confirmed by powder X-ray diffraction (PXRD), and their
porosity was assessed by 77 K N, sorption measurements, with
the CPPs possessing Brunauer—Emmett—Teller (BET) surface
areas ranging from 8 to 391 mz/g. In addition, the
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Figure 3. (a) Synthetic scheme for Ni@Bpy-sp>c-COF. (b) Eight visible light-mediated cross-coupling reactions catalyzed by Ni@Bpy-sp’c-COF.
Adapted with permission from ref 92. Copyright 2023 Royal Society of Chemistry.

photoabsorption properties of these CPPs were further probed
by UV—vis diffuse reflectance spectroscopy (DRS), transient
photocurrent response, and electrical impedance spectroscopy
(EIS). The latter revealed a smaller radius of the semicircular
Nyquist diagram under visible light irradiation than that in the
dark, indicating a smaller charge transfer barrier upon
photoirradiation. Evaluation of the as-synthesized CPPs as
catalysts for the visible light-induced cross-dehydrogenative
coupling of N-phenyltetrahydroisoquinoline with diethyl
phosphonate revealed that all six CPPs were catalytically
active, with CPP3 outperforming the other tested materials
(Figure 2b). The molecular photocatalyst 4CzIPN was also
found to catalyze this reaction, albeit with a much lower yield.
The superior photocatalytic performance of CPP3 compared
to 4CzIPN was attributed to the enhanced singlet—triplet
intersystem crossing (ISC) process resulting from the reduced
energy gap between the singlet and triplet excited states after
polymerization (Figure 2c). To examine its generality as a
heterogeneous photocatalyst, CPP3 was used in a number of
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photocatalytic cross-dehydrogenative coupling reactions such
as the Cl-functionalization of tetrahydroisoquinolines and
benzylic and allylic oxygenation reactions. Notably, CPP3, an
insoluble polymer, can be recovered from the reaction mixture
by centrifugation and directly reused at least four times
without an obvious loss in yield. Furthermore, the scanning
electron microscopy (SEM) images and IR spectra of CPP3
after recycling match those of freshly prepared CPP3. Beyond
C—H functionalization, POPs have also been used to catalyze
the photocatalytic oxidative coupling of amines,”>” "> the aza-
Henry reaction,””’” and the reductive dehalogenation of
haloketones.”””*

While there are many advantages for using POPs as
heterogeneous photocatalysts, such as their ease of synthesis
and chemical robustness, they also suffer from several
drawbacks. Most POPs have at least partially interpenetrated
networks, which not only limits their surface areas but also
decreases their pore sizes, thereby hindering substrate diffusion
into the pores for efficient catalysis. As a result of their
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Figure 4. (a) Structure of TpDPP COF. (b) The hydroxylation of cis-decalin. (c) The fabrication of Fe™(bTAML)@TpDPP COF thin film from
the corresponding nanospheres. (d) Recycling experiment showing the enhanced recyclability of Fe™(bTAML)@TpDPP COF thin film. (e)
Comparison of the photocatalytic performance of Fe''(bTAML)@TpDPP COF nanospheres and thin film. Adapted with permission from ref 96.

Copyright 2023 American Chemical Society.

amorphous nature and network interpenetration, most POPs
do not have uniform pore distributions. Consequently, POPs
generally lack well-defined catalytic sites, which complicates
efforts to better understand their catalytic behaviors and to
rationally design better POPs for heterogeneous photoredox
catalysis.*®

COFs, a class of porous and crystalline 2D and 3D polymer
networks, have also emerged as a potentially fromising
platform for heterogeneous photoredox catalysis.”* Because
the symmetry, size, and connectivity of the organic building
blocks dictate the overall structure of the resulting COFs, the
chemical and physical properties of COFs can be rationally
tuned by virtue of incorporating different functional building
blocks, thereby producing structures with adjustable porosities
and functionalities.>* Furthermore, unlike POPs, most COFs
possess well-defined and uniform pores, creating a unique local
environment that allows for facile substrate diffusion and
counterion transport.”**® In addition to their wide study as
heterogeneous 7]93}1otocatalysts relevant to energy and the
environment,””””™° COFs have also found application in
catalyzing organic transformations such as the selective
oxidation of sulfides,**®” C—H borylation,88 oxidative
hydroxylation,” and various cross-coupling reactions,®””*~"
either as pristine materials**~* or as nanohybrids.””*°~"* For
example, Maji and co-workers synthesized a pyrene-based sp*
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carbon-conjugated COF, pr-spzc-COF, via the Knoevenagel
condensation between 1,3,6,8-tetrakis(4-formylphenyl)pyrene
and 5,5'-bis(cyanomethyl)-2,2'-bipyridine (Figure 3a).”” The
nickel(II) center was postsynthetically installed through the
bipyridine moieties to provide the metal-anchored COF, Ni@
Bpy-sp’c-COF, which was shown to catalyze eight visible light-
mediated cross-coupling reactions (Figure 3b), with tolerance
toward a wide range of coupling partners and yields exceeding
those of the homogeneous controls (pyrene + Ni(dtbbpy)Cl,
dtbbpy = 4,4’-di-tert-butyl-2,2"-bipyridine) and the semi-
heterogeneous controls (Bpy-sp’c-COF + Ni(dtbbpy)CL,). In
this case, placing the redox-active Ni centers in proximity to
the photoactive pyrene-based COF backbone synergistically
promotes the catalytic reaction. Notably, the metal-anchored
COF also prevents metal leaching and Ni nanoparticle
formation, thus enhancing catalyst recyclability and minimizing
the risk of product contamination.

As-synthesized COFs have also been employed as metal-free
heterogeneous photocatalysts. Recently, Banerjee and co-
workers synthesized three different [-keto-enamine-based
COFs and assessed their performance for the photocatalytic
C—H borylation of nitrogen heterocycles,”® which are
ubiquitous in drug-like molecules. In most of the reactions
tested, TpAzo (formed from 1,3,5-triformylphloroglucinol and
4,4'-azodianiline), the COF with the highest level of
crystallinity, highest surface area (2102 m*/g), broadest visible
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light absorption (400—750 nm), and lowest band gap (1.89
eV) among the three tested COFs, provides the highest yields.
These findings underscore the importance of physical and
photophysical parameters such as crystallinity, porosity, light
absorbance, and band gap in assessing the photocatalytic
performance of organic materials.

Promisingly, confinement of reactive intermediates within
COFs has been demonstrated to lead to enhanced catalytic
activity and selectivity compared to soluble analogues. For
example, Gupta, Banerjee, and co-workers successfully
generated and stabilized a catalytically active Fe(IV) species,”
namely [(bTAML)FeV—O—Fe!V(bTAML)]™ (bTAML =
biuret-modified tetraamido macrocyclic ligand) and referred
to herein as the Fe,"V—u—oxo radical cation, inside the well-
defined photoactive nanopores of TpDPP COF (Tp =
triformylphloroglucinol; DPP = 3,8-diamino-6-phenylphenan-
thridine), a phenanthridine-based f-keto-enamine COF
(Figure 4a). Following the successful synthesis of colloidal
COF nanospheres, the homogeneous (Et,N),[Fe"(Cl)-
bTAML] catalyst was postsynthetically immobilized inside
the hydrophobic pores of the COF by dispersing the as-
synthesized COF nanospheres via sonication. After extensive
characterization, the authors propose that, under blue light
(440 nm) irradiation, the photoexcited COF oxidizes
[Fe™(OH,)bTAML]™ to the Fe,"Y—pu—oxo radical cation in
the presence of aerobic oxygen and [Co™(NH;);Cl]CL, a
sacrificial electron acceptor. The proposed intermediate, the
Fe,"V—p—oxo radical cation, has an electron paramagnetic
resonance (EPR) spectrum consistent with a S = 1/2 species
and a Mossbauer spectrum resembling an Fe(IV) species.
Remarkably, unlike earlier reports of Fe,"'—u—oxo species in
solution, the pore-confined Fe,"Y—u—oxo radical cation
exhibits high reactivity toward diverse substrates in water,
which is attributed to the generation and subsequent
stabilization of the oxidized species inside the nanopores of
the COF. As a demonstration of their photocatalytic efficacy,
the as-synthesized Fe'(bTAML)@TpDPP COF nanospheres
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were utilized for the selective oxidation of unactivated C—H
bonds. Following extensive optimization, hydroxylation and
epoxidation of various alkanes and alkenes were carried out
with moderate to good yield and high selectivity. For instance,
cis-decalin was exclusively hydroxylated at the tertiary carbon
with a 50% yield, over 70% stereoretention, turnover number
(TON) of 74, and turnover frequency (TOF) of 37 h™*
(Figure 4b). However, when the Fe'(bTAML)@TpDPP
COF nanospheres were used in a recycling test for the
hydroxylation of cis-decalin, a considerable decrease in yield
(from 50% in the first cycle down to 38% in the third cycle)
was observed for subsequent cycles. The mediocre perform-
ance of the Fe"'(bTAML)@TpDPP COF nanospheres in the
recycling test was attributed to catalyst leaching and nano-
sphere coagulation, which impedes mass transfer to the active
sites within the pores of the COF, thereby reducing its catalytic
efficacy. To prevent nanosphere agglomeration and to enhance
catalytic activity and recyclability, Fe(bTAML)@TpDPP
COF thin film with a thickness of 600 nm was fabricated
using covalent self-assembly of Fe''(bTAML)@TpDPP COF
nanospheres at the interface of dichloromethane and water
(Figure 4c). When the same catalytic transformations outlined
above were performed, the Fe" (bTAML)@TpDPP COF thin
film was found to exhibit higher activity in terms of yield,
regioselectivity, TON, and TOF compared to its nanosphere
counterpart (Figure 4e). Gratifyingly, the Fe(bTAML)@
TpDPP COF thin film can be recycled at least four times with
no observable loss in yield after the fourth cycle for the
hydroxylation of cis-decalin (Figure 4d).

The successful deployment of POPs and COFs in
heterogeneous photoredox catalysis offers valuable insights
into the effects of physical parameters such as crystallinity and
porosity on catalytic activity. Recent work by Banerjee and co-
workers has demonstrated that the photocatalytic activity of
COFs tends to trend with their crystallinity and porosity.*®
This finding suggests that maximizing long-range order and
porosity can enable facile diffusion of substrates to the redox-
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active sites within polymers. However, further systematic
investigations are required to delineate robust trends among
different types of materials. Nevertheless, the redox processes
involved in photoredox catalysis and the promise demon-
strated by organic materials should inform the development of
next-generation heterogeneous redox mediators for electro-
catalysis.

The vast majority of industrial electrochemistry applications,
including energy storage and electrocatalysis, employ inorganic
materials due to their robustness.”””® However, the structural
rigidity of inorganic solids generally limits their adaptability toward
different charge-compensating ions and solvents and reduces
accessible capacities at fast charge/discharge rates. For example,
replacing relatively expensive Li in batteries with more abundant alkali
metals such as Na and K generally requires specifically tailored
strategies such as tandem coupled redox reactions or a redesign of the
electrode material to accommodate larger cations.””~'*> The nature of
the counterion can affect the yields of electrochemical reac-
tions,'”™'% which incentivizes the design of catalytically active
materials that are compatible with different electrolytes. Furthermore,
the limited porosity and inflexibility of most inorganic solids limits
electrocatalysis to highly sensitive surface chemistry.'”°™'%® For
example, the electrosynthesis of 1-butanol from CO, with high
Faradaic efficiency (FE) by Bocarsly and co-workers required a
precise electrode design of Ni-doped (Cr,03);Ga,03,'" verifying
that different means of incorporating Ni into identical (Cr,05);Ga, 0,
samples drastically affects the performance of the resulting electrode
materials. Finally, the preparation of inorganic electrodes not only
requires intensive extraction and refinement procedures for precious
metals such as Co'” but also high temperatures to convert the
precursors into usable electrodes.”>""°

Given these limitations, organic electrode materials have garnered
increased interest as sustainable materials for electrochemical energy
storage (Figure 5)./2'72#261=1% Typically, these materials are
prepared by incorporating moieties that can be reversibly oxidized
and/or reduced into insoluble polymeric backbones (Figure 5).
Diverse redox-active functionalities, including but not limited to
quinones, phenazines, imides, aminoxyl radicals, and triphenylamines,
have been incorporated into polymers for study as battery
electrodes.””*** Generally, materials are referred to as n-type if
they are charge-compensated by cations upon reduction (e.g.,
quinones), p-type if they are charge compensated by anions upon
oxidation (e.g, N-substituted phenazines), and bipolar (b-type) if
both phenomena are possible within a single moiety (e.g., verdazyl
radicals) or both n- and p-type moieties are present in a single
material (Figure S). Critically, it is not enough to simply incorporate a
desired redox-active moiety into a polymer backbone; recent
structure—property studies have highlighted the importance of the
redox-inactive polymer backbone on the mechanisms of charge
compensation and thus battery electrode performance.”*™>"!'37!18
Nonetheless, fundamental questions remain about how materials
properties such as dimensionality, crystallinity, rigidity, and porosity
impact the performance of organic electrode materials.”

The advantages offered by organic materials over their inorganic
counterparts include structural flexibility and tunability, high
theoretical gravimetric capacity, and improved sustainability due to
the abundant raw materials from which they are derived.”>** The
structural flexibility of polymers also allows for reduction/oxidation
with multiple charge-compensating ions using a single material, with
multiple polymers having demonstrated potential to accommodate
Li*, Na*, and K* within the same polymer matrix,”*"''*~"*" which is
uncommon for inorganic materials. One notable example is
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poly(pentacenetetrone sulfide) (PPTS) examined by Wang and co-
workers in Na metal coin cells,""” which achieves a capacity of 160
mAh g™' at a discharge rate of 10 A ¢! (34.5 C; 1 C is the rate at
which the material fully discharges in 1 h).""” The flexibility of organic
materials also allows for good capacity retention at fast charge/
discharge rates. For example, Abruna, Fors, and co-workers achieved a
capacity of 230 mAh g™' at a discharge rate of 1.0 A ¢! (3.5 C) with
the cross-linked phenazine-based polymer poly(Ph-PZ)-10 (poly(NN-
phenylghenazine) with 10% cross-linking units) in Li metal coin
cells,'** which retains 86% of its capacity when increasing the
discharge rate from 1 to 60 C. These studies credit the high-power
capabilities to the large diffusion coefficients for ions through the
polymer matrix. Although cycling stability is a persistent challenge for
organic electrode materials, several have demonstrated promising
cycling stability. For example, Wang, Zhou, and co-workers
demonstrated that P14AQ, a polyanthraquinone with a polyphenylene
backbone, retains 99.4% of its initial capacity after 1000 charge/
discharge cycles."® The stability of this material is attributed to its
high molecular weight, which minimizes dissolution into the
electrolyte.

The promising traits for battery materials outlined above are
equally appealing for electrocatalysis. A recyclable and stable
electroactive material facilitates purification of products and removes
the need for frequent catalyst replacement. In addition, adaptability
with multiple charge-compensating ions and electrolytes accelerates
the optimization of reaction conditions for a desired transformation.
The ability to access multiple distinct redox potentials within a single
material is beneficial, though not necessary, for electrocatalysis,
whereas single output potentials are generally preferred for energy
storage; voltage regulators and similarly engineered devices can adapt
the output potential to a desired potential to ameliorate this concern.
Overall, evaluating insoluble redox-active organic materials as battery
electrodes offers insights for their potential utility as electrocatalysts as
well.

In this section, we outline common electrochemical techniques used
in electrochemical energy storage research and their potential to
provide insights for heterogeneous electrosynthesis. Redox-active
materials are typically fabricated into electrodes by mixing the active
material(s) with a binder and conductive additive (usually a carbon
material) into a slurry or suspension before the mixture is deposited
onto a current collector (e.g.,, carbon paper) or conductive electrode
material (e.g, glassy carbon). Generally, it is advisable to maximize
the amount of active material in the slurry for accurate investigation of
the redox properties of the material of interest and high redox-activity;
loadings between 40% and 80% active material have been used to
understand charge compensation mechanisms and correlate redox
behavior with material structure >*3%! ¢! 18122123 Alternatively, direct
synthesis onto a conductive electrode'** or electropolymerization'®
from a functionalized electrode is also possible. However, direct
synthesis is more typical of inorganic solids, and electropolymeriza-
tion has only been demonstrated for a limited range of polymers to
date.

Although simple electrodes can be employed directly for
electrochemical studies, coin cells enable investigation of a wider
range of properties such as long-term stability or cyclability within a
device (Figure 6).">° Coin cells are sealed differently depending on
their architecture, yet they all consist of electrodes (working and
counter, and for a three-electrode cell, an additional external
independent reference electrode), a separator that prevents direct
contact between the working and counter electrode to ensure only
ionic conductivity occurs when wetted with electrolyte, spring and
spacer to ensure the cell is tightly assembled and that surface contact
is guaranteed, and a gasket that ensures the working and counter
electrodes are not short-circuited by the case and the cap that enclose
and seal the entire system. Two-electrode coin cells are generally
preferred due to their simplicity; however, three-electrode coin cells
are required for potential-sensitive measurements that necessitate an
additional independent reference electrode. In a half-cell, the counter
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Figure 6. (a) Three-electrode coin cell architecture. (b) Two-
electrode coin cell architecture with a Li counter electrode and Cu
working electrode. (c) Components of a coin cell. The solid-state
reference electrode (ssRE) and Kapton are customized components
to transform a two-electrode coin cell into a three-electrode coin cell,
and the other components are common to both two- and three-
electrode coin cells. Reproduced with permission from ref 126.
Copyright 2021 American Chemical Society.

electrode is typically added in excess to singly optimize the working
electrode. This is commonly seen in alkali metal batteries such as Li
metal coin cells, in which the metal anode is added in significant
excess compared to the active material. The materials are then
characterized using electrochemical techniques, which are outlined
below.

Voltammetry techniques such as cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) are generally used to probe the
electrochemical properties of redox-active materials.'”” CV and LSV
are employed to investigate the reversibility, thermodynamics, and
kinetics of a given electron transfer event and can be employed
similarly for solution- and solid-state systems. One key difference in
CV measurements between soluble and insoluble organic compounds
is the sweep rate (v). Solution-state measurements typically are
carried out at sweep rates of 10—100 mV/s or higher.”1 7-129
However, solid-state CVs typically are performed at much slower
sweep rates (0.05—1 mV/s) to allow for the diffusion of ions and the
conduction of electrons through the material to access the redox-
active sites.”®"**7"3% Although fast sweep rates have been used with
insoluble polymers,'*® only qualitative observations such as retention
of redox-activity over many CV cycles and changes in behavior with
respect to the counterion can typically be examined in this way.

Arguably, the most significant difference between solution- and
solid-state electrochemistry is that heterogeneous materials require
charge compensation via the significantly slower diffusion of
counterions into a solid-state matrix. As a result, solid-state CVs
typically show broad peaks and wide peak splitting, necessitating a
detailed examination of phenomena such as ion diffusion to
understand the redox-activity of insoluble materials. Redox events
are often categorized into two behaviors: diffusion-controlled (or
diffusion-limited/Faradaic) and surface-controlled (or capacitive/
non-Faradaic)."*® Diffusion-controlled behavior involves redox-
activity being limited by the diffusion of solutes toward the electrode,
while surface-controlled behavior is characterized by redox-activity
being limited by the transfer of charge from the electrode to the
substrate. With heterogeneous materials, diffusion limitations
originate from ions diffusing or intercalating into the material, while
surface-controlled behaviors involve conduction of electrons between
the redox-active sites and the current collector. The proportions to
which these two behaviors contribute to the overall profile can be
determined by carrying out CVs at especially slow sweep rates (0.05—
0.1 mV/s) to ensure maximal access to redox-active sites. 2115
Occasionally, special features such as uncharacteristically sharp peaks
are observed, which indicate a significant structural rearrangement or
phase change during charge and/or discharge events.”®'**
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Galvanostatic charge/discharge (GCD) cycling is a crucial test used in
energy storage research to examine the long-term charge capacities
and lifetimes of electrode materials. GCD cycling reports on
accessible capacity, disparity between charging and discharging
processes—determined by the Coulombic efficiency (discharge
capacity:charge capacity ratio)—and long-term cycling stability. For
example, Zhang and co-workers determined that PI-2, which is
composed of a perylene diimide (PDI) core with an ethyl bridging
unit from ethylene diamine as the amine linker, demonstrates
improved stability compared to related polymers based on
naphthalene diimides (NDIs) or pyromellitic diimides (PMDIs)
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Figure 7. GCD cycling of the PDI polymer PI-2. (a) Individual charge
and discharge curves for each cycle. (b) Short-term stability cycling
with charge capacity, discharge capacity, and Coulombic efficiency
plotted from individual charge/discharge curves. (c) Long-term
cycling stability. (d) Rate tests for charge/discharge cycles at
discharge/charge rates between 0.1—80 C. Inset: Ragone plot of PI-
2 evaluating the loss of energy density with increased power density.
Adapted with permission from ref 118. Copyright 2013 John Wiley
and Sons.

over 5000 cycles with Coulombic efficiency close to 100%,
demonstrating good reversibility and minimal side processes during
charge/discharge. Furthermore, other studies have revealed that a
critical factor for attaining long-term materials stability is matching
hard—soft acid/base pairs between the polymer material and the
charge-compensating ion.”*'*>'3® GCD can also be performed at
different charge/discharge rates, and organic materials have especially
demonstrated potential as high-power electrodes with reduced
capacity losses at fast charge/discharge rates (Figure 7d).*>*%"'7'!¢
This is often translated as power density vs energy density through a
Ragone plot (inset of Figure 7d). In the context of heterogeneous
catalysis, high-power densities should help to maximize access to
catalytically active species at high currents.

GCD can also be adapted to probe different mechanisms, such as
by the addition of crown ethers or replacing the solution-based
electrolyte with polymer-based electrolytes. Typically, chelation usin,
crown ethers has been used to suppress dendrite formation."*”~"?
Abruna, Milner, and co-workers tested Li and K half-cells with 12-
crown-4 and 18-crown-6 ethers, respectively, to introduce persistent
chelating agents and probe ion—electrode interactions within PDI
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properties of the three polymers. Adapted with permission under a Creative Commons Attribution 3.0 Unported License from ref 28. Copyright

2022 Royal Society of Chemistry.

polymers (Figure 8).* While the addition of 18-crown-6 to K coin
cells drastically decreased performance across all of the tested
polymers, the results were mixed for cycling performances in Li coin
cells with added 12-crown-4. The authors attribute this to the greater
ease of shedding solvent molecules for a softer ion such as K*, while
Li* has significant solvation even in the absence of a crown ether
when entering some of the polymer matrices, depending on the
microstructure of the electrode. GCD using ion-conducting polymer-
based electrolytes such as poly(ethylene oxide) (PEO) has also been
investigated as means to suppress dendrite formation and increase
battery lifetimes."'>"*97'** Alternatively, Troshin and co-workers
used polymer electrolytes to hinder the molecular dynamics of
electrode materials,®" thereby improving their cyclability. They
supplemented these results with computational studies to support
that the mobility of the electrode polymer strands hindered
deintercalation, and thus oxidation, during recharging.

Although GCD and CV measurements can provide valuable insight
into the redox properties of organic materials, they must be
supplemented by other techniques to better probe the mechanisms
of charge compensation. For example, galvanostatic intermittent
titration technique (GITT)"'* is used to measure diffusion
coefficients of char%e-compensating ions moving within the electrode
material, while EIS™®'** is used to determine overall charge transfer
activation energies. Electrochemical quartz crystal microbalance with
dissipation (EQCM-D) can also be used to sensitively determine the
mass changes occurring within a small portion of the electrode during
charge and/or discharge and further elucidate ion movements during
redox reactions.'** It is worth noting that many of the organic
materials subjected to EQCM-D have been directly electro-
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polymerized onto a substrate'** or dissolved and spin-coated'*® due
to the requirement for polymer thin films to carry out these
measurements.

Two- or four-point probe conductivity measurements provide
electrical conductivity data for organic materials, but the results from
these measurements are generally poor indicators for battery
performance. For example, Dichtel and co-workers found little
correlation between electrical conductivity and cycling performance
among four anthraquinone-based COFs ((DAPH-TFP COF, DAAQ-
TFP COF, PEDOT@ DAPH-TFP COF, and PEDOT@DAAQ-TFP
COF; DAPH = 2,6-diaminophenazine, DAAQ = 2,6-diaminoanthro-
quinone, TFP = 1,3,5-triformylphloroglucinol, PEDOT = poly(3,4-
ethylenedioxythiophene))."*” Instead, they found that the ion
diffusion coefficients measured using EIS were more effective
predictors for battery performance. In addition, conductivity
measurements are typically carried out on materials in their native
state and may not accurately reflect the conductivity of the materials
after electrochemical charging. Typical slurry compositions also
include conductive additives, further obfuscating the utility of such
measurements.

Some combination of the outlined electrochemical techniques is
generally required to reliably depict the overall mechanisms involved
in charging/discharging, which can then be correlated with the
physical properties of the materials. For example, Abrufia, Milner, and
co-workers determined that, within a series of PDI polymers, some
amount of flexibility allows for a significant reduction in the polymer
charge-transfer barrier (Figure 8).* In particular, the flexible polymer
PTCDA-en (PTCDA = perylene-3,4,9,10-tetracarboxylic dianhydride,
en = ethylenediamine) demonstrated a ~9 kJ mol™" reduction in the
kinetic barrier for Li* charging compared to its more rigid
counterparts (Figure 8e). However, further increases in polymer
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flexibility can hinder ion diffusion by making the polymer more
“solvent-like”.**'"> This explains why there are conflicting studies
regarding the role of backbone flexibility in encouraging fast charge/
discharge kinetics in polymer materials.”">"'"®

Spectroelectrochemical techniques such as PXRD, X-ray photo-
electron spectroscopy (XPS), IR spectroscopy, SEM, transmission
electron microscopy (TEM), high-resolution TEM (HR-TEM),
Raman spectroscopy, and UV—vis spectroscopy, can complement
electrochemical studies to provide insight into how materials change
during charge/discharge processes.'**~"*" Ex situ investigations are
commonly carried out for simplicity due to the need for customized
cells and specialized equipment for in operando measurements.">"'>>
X-ray techniques such as PXRD''”!'®!* and electron microscope
techniques such SEM,"'"** HR-TEM,"** and TEM"'”"** have been
used to detect changes in structural morphology over the course of or
after GCD cycles. Meanwhile, XPps,! 75415 TR 17193 Raman, 'S
SSNMR,"” and UV-vis''”'*" spectroscopies have been used to
detect changes in functional group environments or verify the
recovery of the starting material after GCD cycling. Postmortem
electrospray ionization (ESI) mass spectrometry (MS) has been used
to interrogate electrode degradation.'>® These techniques all lend
insights into the origins of capacity decay and material degradation,
which are problematic for both catalysis and energy storage.

With a wide range of techniques available to characterize charge/
discharge processes, heterogeneous redox-active organic materials can
be thoroughly investigated for their viability for energy storage and/or
heterogeneous electrocatalysis. As both applications share many
desirable materials properties, such as fast and reversible redox-
activity, tunability, cyclability, adaptability to multiple electrolytes, and
facile ion diffusion, the potential of a material for both applications
can be simultaneously evaluated using the techniques outlined above.

In contrast to the wide study of organic materials in the areas of
photoredox catalysis (section 2) and energy storage (section 3),
organoelectrochemistry using polymer-based redox mediators or
electrocatalysts remains significantly understudied. Nonetheless,
POPs and COFs have emerged as promising catalysts for environ-
mentally relevant electrocatalytic transformations such as the oxygen
reduction reaction (ORR), oxygen evolution reaction (OER),
hydrogen evolution reaction (HER), and CO, reduction. *#*~*8
The benefits of these materials over homogeneous electrocatalysis
include colocalization of active sites, stabilization of reactive species,
and recyclability. In this section, we further elaborate the advantages
of POPs and COFs as heterogeneous mediators for electrocatalysis,
with the goal of highlighting their potential future utility for
electrosynthesis.

Although a variety of catalysts are suitable for CO, reduction,
traditional monometallic catalysts tend to have high overgotentials,
poor selectivity, and susceptibility to competitive HER.">*~'%* To
improve the selectivity and efficiency of CO, reduction, two strategies
have been employed: exposing specific crystal lattice planes on
electrodes and incorporating catalytic sites into metal complexes and
polymers.'*>'** Compared to higher density materials, POPs and
COFs stand out because they provide ready access to catalyst sites
due to their highly porous structures. As such, catalytically active
metals such Fe, Co, Ni, Cu, Mn, and Re can be easily incorporated
into POPs or COFs and employed for CO, reduction.'®>'*® Redox-
active polymers such as COF-300, COF-366, COF-367, and
pyrimidine-containing POPs (PyPOPs) have been explored as catalyst
supports or cocatalysts for the electrochemical reduction of CO, to
CO,** which involves multiple electron—proton transfers between
CO, molecules and redox-active polymers on the electrode surface."’

Beyond simple immobilization of catalytically active species, COFs
offer the unique opportunity to colocalize functional groups to
achieve synergistic catalysis, similar to the examples outlined above in
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the context of photoredox catalysis (Figure 3). For example, Deng and
co-workers designed a molecular interface by combining the catalytic
surface of a Ag electrode with COF-300-AR (AR = “after reduction”),
a secondary amine-functionalized COF (Figure 9).'®” The authors
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Figure 9. (a) Molecular interface of COF-300-AR with Ag electrode
surface. (b) Mechanism of concerted CO, reduction at the interface
between the COF and the Ag electrode via carbamate formation.
Reproduced with permission from ref 167. Copyright 2018 Elsevier
Inc.

demonstrate that CO, molecules are converted to carbamates within
the COF by CP/MAS *C SSNMR. They propose that the generated
carbamates are then reduced at the Ag surface (Figure 9b).
Subsequently, CO molecules and OH™ anions are released from the
material, and the amine functional groups in the COF are regenerated
to close the catalytic cycle. The COF plays a critical role in reducing
the HER side reaction compared to the native Ag electrode, as
demonstrated by the suppression of HER from 80% to 22% and an
increase of CO FE from 13% to 53% at —0.70 V vs regular hydrogen
electrode (RHE). Similar HER suppression has been reported with
other types of COF-electrode composites,'**'*® demonstrating the
generality of this colocalization strategy. The ability to colocalize
substrates and catalytic species distinguishes COFs from traditional
heterogeneous electrocatalysts.

Catalytically active species can be immobilized on electrode surfaces
or within COFs, POPs, and related metal—organic frameworks
(MOFs) to prevent common deactivation pathways in solution such
as self-association and unproductive reaction at the counter electrode.
For example, 2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO) is the
archetypical homogeneous catalyst for the electrochemical oxidation
of alcohols to aldehydes and ketones.'”'”® However, its catalytic
efficiency is limited by its slow diffusion to the electrode surface and
by dimerization in solution.'”" To overcome these limitations, Das
and Stahl synthesized a pyrene—TEMPO conjugate, which they
immobilized onto glassy carbon (GC) or carbon cloth (CC)-
multiwalled carbon nanotube (MWCNT) electrodes by dippin§
them into an acetonitrile solution of the conjugate (Figure 10a)."”
Remarkably, the surface-immobilized pyrene—TEMPO conjugate was
able to effectively catalyze the oxidation of benzyl alcohol to
benzaldehyde at low catalyst loadings (0.05 mol %), whereas 4-
acetamido-TEMPO, a soluble TEMPO-based catalyst, provided
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Figure 10. (a) Surface immobilization of pyrene—TEMPO conjugate
on MWCNTs. Adapted with permission from ref 172. Copyright
2017 John Wiley and Sons. (b) MOL immobilized on MWCNTs.
Reproduced with permission from ref 174. Copyright 2018 American
Chemical Society.

negligible conversion of benzyl alcohol under the same conditions.
Likewise, Minteer and co-workers immobilized 4—7§1ycidyl-TEMPO
onto a linear poly(ethylenimine) (LPEI) backbone,'”* which was then
cross-linked onto the surface of a glassy carbon electrode to form a
hydrogel through which substrates could easily diffuse. The resulting
immobilized catalyst was able to catalyze alcohol oxidation more
efficiently than the homogeneous analogue.

Wang and co-workers constructed two TEMPO-based composites
with Hf-based metal—organic layers (MOLs) on conductive
MWCNTs by replacing some of the formates on the MOL secondary
building units with TEMPO-CO,H free radical and TEMPO-
OPO,H, (Figure 10b).'”* The resulting materials, CNT/MOL-
TEMPO-CO,~ and CNT/MOL-TEMPO-OPO,>", possess superior
catalytic performances compared to a homogeneous solution of
TEMPO in the oxidation of benzyl alcohol to benzaldehyde at low
catalyst loadings (0.02 mol %). CNT/MOL-TEMPO-CO,” and
CNT/MOL-TEMPO-OPO,*~ also have a higher FE (97%) for
alcohol oxidation compared to the homogeneous TEMPO solution
(62%). The authors propose that the decrease in FE for the
homogeneous system is due to TEMPO" being reduced at the
counter electrode, which is prevented when TEMPO is immobilized
in the MOL. Furthermore, because of the proposed strong phosphate-
MOL binding, CNT/MOL—TEMPO-OPO32_ could be reused six
times without significant loss of activity. Thus, immobilization offers
multiple advantages such as recyclability and reduced catalyst
degradation.

The examples provided herein demonstrate that redox-active
organic and metal—organic materials possess enhanced reactivity
compared to their homogeneous analogues in some cases. However,
their potential to address challenges in organic synthesis remains
largely untapped, with alcohol oxidation being the only synthetic
transformation that has been widely studied to date.

The incorporation of redox-active moieties within (porous)
organic materials enables the molecular-level design of
heterogeneous catalysts and battery materials. In terms of
catalysis, electroactive polymers offer numerous advantages
compared to their homogeneous counterparts, including
recyclability, robustness, and the ability to engineer various
material properties (e.g., porosity, flexibility) through rational
structural design. Additionally, immobilization of reactive
species that would otherwise decompose in solution and
colocalization of incompatible functional groups provide
additional opportunities to expand the scope of motifs that
can be utilized for redox catalysis. As a result, POPs and COFs
are already widely used for photoredox catalysis, and their
utility for electrochemical transformations such as alcohol
oxidation has been validated.

Despite the advantages outlined above, the opportunity to
utilize redox-active polymers as next-generation heterogeneous
electrocatalysts and redox mediators relevant to organic
synthesis remains underexplored. We propose that multiple
hurdles must be overcome to further the development of
heterogeneous organic redox mediators. First, from an
engineering perspective, there is an unmet need to fabricate
organic electrode materials on large scale. Currently, there are
no commercially available functionalized organic electrodes,
and in the battery community, polymers are generally prepared
and processed into electrodes from scratch. Thus, strategies to
produce functionalized electrodes and make them compatible
with commercial electrolysis set-ups are needed. Further,
chemical rationale is required to strategically incorporate
redox-active moieties into polymer backbones in order to
balance electron/hole conductivity, ion diffusion, and substrate
access to catalytically active sites, whereas electrochemical
characterization requires distinct expertise. Thus, the field of
heterogeneous organoelectrocatalysis requires close collabo-
ration between the polymer science, organic chemistry, and
electrochemistry communities to address challenges associated
with the design, characterization, and large-scale production of
heterogeneous organic electrode materials.

Moving forward, further efforts are needed to unlock novel
reactivity patterns in the solid state using redox-active organic
materials. Studies in energy storage and photocatalysis have
produced systematic guidelines to achieve desired material
properties and catalytic outcomes. Based on the work outlined
above, imparting flexibility or porosity into polymer materials
will likely facilitate catalysis through facile substrate diffusion,
while adjusting ion—polymer interactions will enable balance
of polymer stability and electrocatalytic activity. We envision
that interdisciplinary efforts will unlock the full potential of
redox-active materials as sustainable catalysts for the synthesis
of complex molecules.
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