sustainable
chemistry

Review

Redox Active Organic-Carbon Composites for Capacitive
Electrodes: A Review

Jeanne N'Diaye /1

check for

updates
Citation: N’Diaye, J.; Bagchi, R.;
Howe, ].Y.; Lian, K. Redox Active
Organic-Carbon Composites for
Capacitive Electrodes: A Review.
Sustain. Chem. 2021, 2, 407—440.
https:/ /doi.org/10.3390/
suschem?2030024

Academic Editor: Matthew Jones
Received: 17 June 2021

Accepted: 23 July 2021
Published: 28 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

, Raunaq Bagchi ¥, Jane Y. Howe "2 and Keryn Lian 1*

Department of Materials Science and Engineering, University of Toronto, 184 College Street,

Toronto, ON M5S 3E4, Canada; jeanne.ndiaye@mail.utoronto.ca (J.N.); r.bagchi@mail.utoronto.ca (R.B.);
jane.howe@utoronto.ca (J.Y.H.)

Department of Chemical Engineering and Applied Chemistry, University of Toronto, 200 College Street,
Toronto, ON M5S 3E5, Canada

Correspondence: keryn.lian@utoronto.ca

1t These authors contributed equally to the manuscript.

Abstract: The pressing concerns of environmental sustainability and growing needs of clean energy
have raised the demands of carbon and organic based energy storage materials to a higher level.
Redox-active organic-carbon composites electrodes are emerging to be enablers for high-performance,
high power and long-lasting energy storage solutions, especially for electrochemical capacitors (EC).
This review discusses the electrochemical redox active organic compounds and their composites
with various carbonaceous materials focusing on capacitive performance. Starting with the most
common conducting polymers, we expand the scope to other emerging redox active molecules,
compounds and polymers as well as common carbonaceous substrates in composite electrodes,
including graphene, carbon nanotube and activated carbon. We then discuss the first-principles
computational studies pertaining to the interactions between the components in the composites. The
fabrication methodologies for the composites with thin organic coatings are presented with their
merits and shortcomings. The capacitive performances and features of the redox active organic-
carbon composite electrodes are then summarized. Finally, we offer some perspectives and future
directions to achieve a fundamental understanding and to better design organic-carbon composite
electrodes for ECs.

Keywords: organic redox active materials; redox active polymers; organic-carbon composite elec-
trodes; capacitive energy storage; electrochemical capacitors; capacitive electrodes

1. Introduction

Electrochemical capacitors (ECs) or supercapacitors, possessing high power densities
and excellent cycle life, are one of the key enablers for clean and sustainable energy [1].
From the early conceptual development by Conway [2] in the last century to the latest ad-
vancement [3], capacitive materials have been differentiated from battery materials for their
fast and reversible charge-discharge kinetics as well as long and stable cycles lives. These
properties are originated from two main sources: electrical double-layer capacitance (EDLC)
and pseudocapacitance [4,5]. High surface area carbon-based materials are mostly used for
EDLC [2,6-10], which store charges through the electrostatic adsorption of ions from the elec-
trolyte on the surface of the electrode. Pseudocapacitance stores and delivers charges through
fast and reversible multiple electron transfer oxidation and reduction (redox) reactions [6,11],
which can be 10 to 100 times greater than that of EDLC. While pseudocapacitive materials,
including metal oxides [12,13], and conducting polymers [14-16], can provide higher specific
capacitance and high energy densities, they also add significant cost from materials and
processing.

Combining EDLC and pseudocapacitive materials in composite forms is a highly
effective, viable and economical approach to leverage the best of both. This has stimulated
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significant research and many excellent reviews. Among those reports, the majority are
based on carbon modified with metal oxides [1,12,13,17-19] as well as those well-known
redox active conducting polymers (CPs) focusing on polyaniline (PANI), polypyrrole (PPy),
and poly(3,4-ethylenedioxythiophene) (PEDOT) [20-23]. The inorganic-carbon composites
have greatly improved the capacitance and long-term stability of the electrodes, but there
are still challenges from environmental and sustainability standpoints, as metal oxides
composites still require natural resources and extensive mining and extraction processes.

Although organic materials are abundant and often inexpensive to produce on a large
scale, the common electrochemically active (or redox active) materials and composites have
been limited to a few conducting polymers. There is a need to explore additional redox
active organic compounds to increase the usage of these carbon-based materials and to
complement the current capacitive material landscape. Moreover, a strong understanding
of the interactions between organic compounds and carbon substrates is important for
further development of advanced composites for high performance ECs and other future
high power energy storage.

The key for highly capacitive composite electrodes is to leverage and combine the
strength of each component to reach the optimal performance or even synergy via rational
design and engineering. This review focuses on the electrochemically capacitive composites
electrodes based on carbon and promising organic materials. Starting from the well-
known conducting polymers, we extend our discussion to other promising redox active
molecules and polymers as well as their composites with carbon. Section 2 presents the
physicochemical and electrochemical properties of individual key components (i.e., organic
layers and carbon substrate) that constitute the composites. Section 3 describes the common
approaches to study and develop carbon-organic composites, from computational analyses
to fabrication. Section 4 reviews the electrochemical performance of the organic-carbon
electrodes, concentrating on thin organic layers on carbon to differentiate from those thick
bulk organic composite electrodes. Section 5 summarizes and provides future perspectives.

2. Redox Active Compounds and Carbon Substrates
2.1. Characteristics of Capacitive Materials

The electrochemical performance of capacitive electrode materials is commonly eval-
uated using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and elec-
trochemical impedance spectroscopy (EIS). An ideal capacitive electrode should have a
rectangular (for EDLC) or near-rectangular CV profiles with multiple highly reversible
faradaic redox peaks overlapped to mimic EDLC (for pseudocapacitance) (Figure 1a). GCD
applies a constant current to charge and discharge the electrode and the resulting changes
in voltage are linear as shown in Figure 1b [24]. Both capacitive CV and GCD have symmet-
rical charge/discharge characteristics, which differentiate them from those of battery-like
materials [5].

EIS uses a small AC perturbation signal to obtain the impedance as a function of fre-
quency, which can extract the capacitance, equivalent series resistance (ESR), the interfacial,
electrolyte, and charge transfer resistance from Nyquist plot (Figure 1c) via equivalent
circuit modeling. A Bode plot on phase angle in Figure 1d, gives information on the
transition from the resistive to the capacitive dominating frequency region where the phase
angle of a capacitive material typically reaches a plateau at around —90° (ideal case). Phase
angles lower than —90° can indicate ‘leaky capacitor’ behavior and possible undesirable
side reactions leading to performance decay over time. From EIS measurements, the capac-
itance of the electrode can be deconvoluted into real (C’) and imaginary (C”) portions [25].
The value of C’ should be close to the capacitance obtained from DC methods, while C” is
used to identify the transition from resistive to capacitive behavior that occurs at a phase
angle of —45°. For capacitive materials, —45° reached at higher frequency is an indication
of fast rate [25,26].

Dunn et al. have developed a method to study the kinetics of the dominating charge
storage processes by deconvoluting the CV profiles of oxide materials that exhibit inter-
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calating capacitance or pseudocapacitance [27,28]. This can be applied to organic-carbon
composite electrodes to identify the contributions of different kinetic processes.

One way to do that is to track the peak potential (i) as a function of sweep rate (V)
from Equation (1) to obtain the b-value illustrated in Figure le. This gives a first qualitative
estimation of the dominating charge storage processes as surface-controlled (capacitive)
or diffusion-controlled within the composite. As an indication, b-values between 0.8-1
represent highly capacitive materials, while b-values approaching 0.5 imply semi-infinite
diffusion control.

i=aV? (1)

The surface capacitive and diffusion-controlled processes can be further quantified
(Figure 1f) and differentiated using Equation (2) [29], where k1 V represents the capacitive
current and k, V1/2 is the contribution from the diffusion current.
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Figure 1. (a,b) CV and GCD profiles, (¢,d) Nyquist and Bode plots of capacitive materials, and (e,f) Kinetics analysis of the
electrochemical response: b-values and deconvoluted CV profile for intercalating pseudocapacitive materials, reproduced

with permission from Refs. [24,26,27,29].

2.2. Electrochemically Active Organic Materials
2.2.1. Redox Active Polymers

The current landscape covering organic energy storage materials are mostly redox
conducting polymers (CPs) including, polyaniline (PANI), poly(pyrrole) (PPy), Poly(3,4-
ethylenedioxythiophene) (PEDOT), and their derivatives. Redox active CPs contain -
conjugated backbones with alternating single (C-C) and double (C=C) bond carbon [30]. Their
chemical versatility, tunable conductivity, reversible electrochemical processes, controllable
nanostructure, and low-cost synthesis make them very promising for energy storage [21,30].
The conductivity of the polymer can be tuned via various positive (p) or negative (n) dopants.
The p-type dopants include electron-accepting species such as Br, I, H,SO4, HCIO4, NO,,
NO*, SbCls~, SO3, and FeCl; [31-33], while n-dopants are sodium naphthanilide, Na/K
alloy, molten potassium, etc. The positive-doping (p-doping) in CPs removes electrons from
the highest occupied molecular orbital (HOMO) of the conjugated polymers by an electron
acceptor, resulting in the polymer at a different oxidized state with orders of magnitudes
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increase in conductivity [34]. Using PPy as an example, Figure 2a,b illustrate this process,
where the energy gap between HOMO and the lowest unoccupied molecular orbital (LUMO)
can vary by the concentration of the dopant. Thus, counter ions or dopants have a significant
effect on the electrochemical behavior of CPs, which are mostly in the p-doped state. These
oxidized polycations in CPs attract the anions from the electrolyte to intercalate into the poly-
mer backbone for electro-neutrality (Figure 3) [35]. Such highly reversible electrochemical
processes enable CPs to be stand-alone pseudocapacitive electrode materials with high
specific capacitance.
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Figure 2. Schematic of (a) molecular orbital of conducting polymers during p-doping and n-doping
(example of PPy), and (b) range of conductivities for CPs in their doped and undoped forms,
reproduced with permission from Refs. [30,35].

Numerous studies from the literature reviewed and reported the electrochemical
redox behaviour and high capacitances of CPs [35-39], e.g., 964-2000 F/g for PANI [40,41],
620 F/g for PPy, and 210 F/g for PEDOT-PSS [42]. In spite of these high values, CPs suffer
from stability issues over long-term cycling. The mechanical stress due to the volumetric
change of the CPs during the electrochemical cycling leads to cracks, material loss, and
degradation [43]. Therefore, composites with carbon nanomaterials have been the main
approach to mitigate these shortcomings [16].

2.2.2. Redox Active Organic Compounds

Many other electrochemically active polymers, COFs [44] as well as organic compounds
have also demonstrated pseudocapacitive properties. Some promising examples include
pyrenes derivatives [45,46], meta, para and ortho (m, p, o)-phenylenediamines [47-49],
quinones [50-52], as well as porphyrin and phthalocyanine macrocycles [53-56]. The
advantages of these molecules are their chemical tunability and their nitrogen and oxygen
redox functional groups that can undergo reversible charge transfer processes (Table 1). For
instance, quinone based molecules have a high theoretical capacity, fast electron trans-
fer kinetics, and low-cost synthesis [57]. Their redox activities stem from the reversible
conversion of the quinone groups to hydroxyl groups (Figure 4a). However, the quinone
groups become unstable in electrolytes with pH greater than 7 [52], indicating that the
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redox activities of organic compounds also are electrolyte dependent. This is a critical
point since the electrolyte system plays an importance role in the performance of the final
composite electrode.
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Figure 3. General oxidation and reduction mechanisms for conducting polymers, using PPy as example [30].

Table 1. The redox center of in common electrochemically active organic materials.

Structures Redox Mechanism Examples References
H H
Amine No <o |\ PANI, PPy [39,58]
R " SR e R” ~ R
o o’
Carbonyl +e )\ Quinone 59
y A == (59
B it S
Thioeth = PEDOT 60,61
10ether R PN R +e R/ ~N R [ ]
o o}
Nitroxyl radical Loaie ,'\ll [62]
R/ \R +€ R/Q\R

The electrochemistry of phenylenediamine (PD), a small molecule with two primary
amines attached to the benzene ring is greatly influenced by their different positions. When
a second amine group is in the para- or ortho- position, a greater redox current has been
observed, attributed to the different hybridization state of the molecules. When para-
phenylenediamine (p-PD) and ortho-phenylenediamine (o-PD) are in acidic environment,
both can undergo reversible redox processes between the benzoid diamine and quinoid
diimine with four resonance structures. Meanwhile, meta-phenylenediamine (m-PD) does
not form the quinoid diimine, resulting to a lesser faradaic contribution to the charge
storage process (Figure 4b) [48].

Another class of redox organic compounds are polycyclic aromatic hydrocarbon
(PAH) such as pyrene, bi-products from fractional distillation process of crude oil and coal
tar (Figure 4c) [45]. Due to their m-conjugated structure, the HOMO and LUMO levels
of pyrenes and derivatives can be adjusted by electron donors or acceptors of different
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strengths, resulting in a range of photophysical and electrochemical properties [63]. Their
redox behavior depends on both the electrolyte environment and the redox active moieties
attached to their core [64,65].

Recently, Russell et.al. reported a highly pseudocapacitive organic network perylene
diimide-hexaazatrinaphthylene (PHATN) system that possess high capacitance of 689 F/g,
excellent stability over 50,000 cycles, and the highest rate capability of 75 A/g [66]. The
keys for these successful performances are: (1) the selection of complementary electroactive
components that expands the voltage range and thus the charge-storage capacity of the
system; and (2) the contortion of the aromatic surface contributing to the pseudocapacitive
behaviour, which opens space for electrolyte and ions movement for high rate.

Macrocyclic compounds such as porphyrin and phthalocyanines that have a large 7-
conjugated system containing up to 22 electrons are redox active (Figure 4d), and commonly
used in the field of sensors and thin film transistors [67-74]. The electrochemical behavior
of these macrocycles is affected by the position, the number or the type of substituents
on the ring, and the coordinated central metal ions [70,75]. With their small HOMO and
LUMO gaps, porphyrin and phthalocyanines can act as bipolar organic electrodes by
donating or accepting electrons at its mesomeric core with fast redox kinetics [53,76]. The
electrochemical redox activities of porphyrin and phthalocyanine are attributed to mul-
tiple factors, including the pyrrole-like ring structure, the various substituents, and the
coordinated central metal ions in the case of metalloporphyrin. The nitrogen groups of
the pyrrole-like structures can have multiple oxidized and reduced states during electro-
chemical processes [77]. Metal-free porphyrin macrocycles can be reversibly protonated
at the pyrrole-like groups to form mono- (H3TPP*) and di- (H4TPP?*) cations leading to
the delocalization of one or two electrons in the porphyrin ring [78-80]. However, the
underlying mechanism in capacitive charge storage still needs further investigation.

Covalent organic frameworks (COFs) are an emerging class of large porous, crystalline,
organic frameworks composed of covalently bonded repeating organic units with wide
varieties of functional groups and structures (Figure 4e) [81]. COFs possess 2D conjugated
layers arranged in perpendicular nanosheets with 1D pore channels [82]. The development
of COFs for composite electrodes in supercapacitors arise from their highly ordered porosity,
significant chemical stability, large surface areas, and extensive backbone customizability
to incorporate various redox active centers for pseudocapacitive contributions.
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Figure 4. Chemical structure and some redox processes for (a) quinone type molecule, (b) p (i), m (ii), and oPD (iii), (c) pyrene

molecules with different redox groups, (d) porphyrin and phthalocyanine macrocycles, and (e) N and O-containing COF.

Reproduced with permission from Refs. [45,48,83,84].
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2.3. Carbon Substrates for Composite Electrodes

Carbonaceous materials have been the choice of electrode materials for ECs due to their
own double-layer properties, in particular carbon allotropes that include biomass activated
carbon (AC), carbon nanotubes (CNTs), graphene and carbon nano-onions (Figure 5) [85-90].
Their intrinsic high surface area, adjustable pore structure and size distribution, good
electrical conductivity, and chemical stability make them excellent substrates to anchor
various type of redox active compounds for high performance electrodes. Furthermore,
functional groups on the carbon substrate can contribute towards surface wettability, bet-
ter electronic activity, pseudocapacitance and enlarged operating potential window [91].
Among surface functional groups, oxygen and nitrogen functionalities are often involved
and can be introduced through oxidation, doping or using heteroatom-containing pre-
cursors. Other functionalities including sulphur [92], phosphorus and boron, alter the
electronic properties of the surface according to their sizes and electronegativities [92-94].

Graphene (Figure 5a), a single-atom-thick layer of sp? carbon atoms densely packed
into a two-dimensional (2D) hexagonal lattice [95], can be produced via mechanical, chemi-
cal vapor deposition, epitaxial growth and electrochemical synthesis [96]. Graphene has a
theoretical surface area of 2675 m? /g. However, this value decreases to 400-900 m?/g once
the graphene layers are stacked to form an electrode with a uniform mesopore distribu-
tion [96-98]. The large-scale production of clean graphene monolayers is still a challenge.
The chemical exfoliation of graphite can produce large amounts of graphene oxide (GO),
which is a layer of graphene containing various oxygen functionalities. GO is then reduced
to rGO to approach the properties of pristine graphene. The use of rGO is advantageous as
it can be readily dispersed in aqueous or organic solvents [99].

CNTs (Figure 5b) have a cylindrical shape with sp? hybridized carbon atoms. Their
good electrical and thermal conductivities, together with reasonable surface area of about
400 m? /g make CNTs excellent substrates to study the electrochemical properties of novel
redox active materials [100]. Although their conductivities and surface area are lower than
graphene, CNTs, especially multiwalled CNTs, are a lower cost alternative to graphene as
substrates for pseudocapacitive molecules and compounds. Nevertheless, the cost of CNT
and graphene are still too high which limits their commercial usages.

A wide variety of AC (Figure 5c) have been used for commercial EDLC devices,
partially due to their abundance and low-cost. ACs can be produced from different
sources including coconut shell, wood, and other biomass waste through a 2-step process:
thermal pyrolysis, and activation. This leads to a wide pore size distribution of micropores
(<2 nm), mesopores (2-50 nm), and macropores (>50 nm) in AC structure. In addition
to the low-cost, AC possess high chemical stability and high specific surface area up to
3000 m? /g resulting in specific capacitance ranging from 70-200 F/g [101-104]. Developing
sustainable approaches to produce high performance AC materials is critically important
to today’s carbon neutrality and is still an ongoing challenge being researched extensively.

The main issue pertaining to carbon substrates is controlling surface features, such
as the pore size, shape, and surface functionalities to enable bonding redox active species
and promote a high utilization of their redox centre. For instance, leveraging the inherent
porosity of waste biomass and improving the interlayer spacing of graphene sheets could
be strategies to facilitate molecules and polymers onto the substrate surface [85,105]. In-
corporating surface functionalities to the carbon substrate could aid in anchoring organic
redox materials and further improve the charge storage properties.
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Figure 5. Structures and SEM micrographs of (a) graphene, (b) CNT, and (c) activated carbon: obtained from coconut shell
and chitosan biomasses, reproduced with permission from Refs. [88,102,106-108].

3. State-of-the-Art of Redox Active Organic-Carbon Composites

Applying organic redox active material onto carbonaceous materials is commonly
practiced in energy storage. What is important in capacitive energy storage is to maintain
the pseudocapacitive properties, i.e., fast and reversible charge transfer kinetics and long-
term stability for high power and cycle life while enhancing the capacitance and reducing
the cost. This needs properly matched and rationally designed composites to leverage the
strengths of each component to achieve ideal combination or even synergy. In this section,
we start with a review of the fundamental interactions within the composites through first
principles studies in Section 3.1, followed by a survey on the prominent fabrications of
composite electrodes in Section 3.2.

3.1. Computational Studies of the Interfacial Interactions between Components

Redox active species such as small molecules, macrocyclic compounds, and polymers
can be coated or functionalized on a carbon substrate to form composites via different
means. The physical and chemical stability of these composites would determine their
viability for supercapacitor applications. Computational first-principles studies have
been used to predict and model the interactions between the components with these
composites [109] and possible interaction mechanisms to support the experimental results.
The tools include quantum mechanical approximations such as density functional theory
(DFT) or classical approaches such as molecular dynamics (MD) [109].

3.1.1. Noncovalent Interactions

Most of the capacitive organic-carbon composites rely on noncovalent interactions
between the electroactive layers and carbon substrate such as van der Waals (vdW) forces,
polymer wrapping, hydrogen bonding, and electrostatic interactions [110,111]. The adsorp-
tion energies for noncovalent interaction have been quantified through DFT and can vary
widely but is generally between ~10-251 k] /mol (0.10-2.59 eV) (Figure 6a) [112,113].

e  Quantum chemical simulations

DFT studies provide adsorption energies, molecular conformation as well as molecu-
lar orbital energy levels. Such parameters are important to understand how the molecules
deposit and how they interact with the substrate in terms of overall geometry and electronic
configurations of the composite electrodes. However, DFT is limited to systems of approxi-
mately 500 atoms [114], so that most studies focused on small molecules, monomeric units
(aniline), and pyridine on graphene, rGO or coronene are preferred [115,116]. Meanwhile,
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Ab initio molecular dynamics (AIMD) has been used to study the mechanistic pathways of
adsorbed molecules, such as aniline and acetonitrile on graphene [117]. From the AIMD re-
sults, aniline adsorbed onto graphene had a strong adsorbate binding energy of 69.4 k] /mol.
In addition, the space between the aniline molecule and the graphene layer quickly reached
equilibrium at an estimated 3.4 A in 30 ps, after initially being 6.4 A apart, consistent with
noncovalent interactions (Figure 6b).

Significantly larger redox active molecules such as porphyrin macrocycles and COFs
are becoming more prevalent in composites. Tetraphenyl porphyrin sulfonate (TPPS) on
CNT was modeled in a DFT study demonstrating Van der Waals-dominated physisorption.
Furthermore, the decreased HOMO-LUMO energy gap predicted for TPPS on CNT was
related to the improved charge storage and kinetics [118]. A DFT-based study on COFs by
Mohammed et al., had shown an improved conductivity for a 2,6-Diaminoanthraqunione
and p-toluene sulfonic acid (DqTp)-based COF by forming a 7t-7t interaction with carbon
nanofibers (CNFs) (Figure 6¢,d) [81]. The per layer stabilization energy is shown to increase
significantly from 349 kJ/mol for pristine COF to 1414 kJ/mol for the parallel planar
arranged COF-CNE.

On carbon nanotubes or substrates consisting of curved graphene surfaces, dipheny-
lamine exhibited a higher adsorption energy of 116.5 k] /mol with higher aromatic ring
count relative to the 68.8 kJ/mol of single ring aniline [119]. Moreover, the energetic
stability, when aniline was positioned on the inside rather than the outside surface of
single walled CNT, led to greater binding energies of 68.8 k] /mol compared to 44.5 k] /mol.
This is rationalized by the larger overlap of HOMO and LUMO regions of aniline on
the concave graphene relative to a flat graphene surface as shown in Figure 6e,f [119].
For irregular, porous substrates like ACs, the surface can be approximated to be curved,
defective graphene sheets. DFT modeling of defective graphene has been correlated to the
adsorption of hydroquinone on AC [120]. The study showed that among varying defects,
single-vacancies with dangling bonds have shown better adsorption of hydroquinone
and was consistent with the strong adsorption observed within the internal pore walls of
the AC.

DEFT studies concerning polymers such as polyaniline [121] and polypyrrole [122] have
predicted 7-rt intermolecular interactions and London dispersion forces with physisorption
on carbon substrates, but these approaches are limited for larger systems (>1000 atoms)
because of the computational cost per atom [114]. In addition, considerations for thermo-
dynamic quantities such as entropy and enthalpy with the motion of species need to be
taken into account for a better mechanistic understanding of adsorption and composite
interface stability [123]. These challenges make classical methods useful alternatives for
studying noncovalent interactions in composites.

e  (lassical methods

For larger scale simulations of composites such as polymers or large biomolecules,
classical simulation methodologies including atomistic molecular dynamics (MD) and
classical Monte Carlo (MC) methods which require considerations of nuclear motion [109].
These approaches can accommodate electrolyte interactions for the electric double layer
effect but still need further development for pseudocapacitive effects [109,124]

For polymers adsorbed on graphene sheets [125], CNT [126] MD has been used for
modeling composites at a good accuracy-computational cost ratio. For example, Yang et al.
used MD to simulate the wrapping effect of polymers with different monomeric units on
SWCNT, depicting that polymers with aromatic rings in the backbone rather than the side
chains have stronger interactions with SWCNTs [126].

The reactive force field interatomic potentials (ReaxFF) approach within MD has
enabled the classical treatment of reactive chemistries with considerations for bond or-
ders [127,128]. Using MD with ReaxFF, Benda et al. demonstrated the distribution in
adsorption energies for polyfluorene and fluorene/carbazole copolymers with various
functional groups noncovalently binding to CNT [129]. The study showed the effects of
m-7 stacking, and steric repulsion effects between different polymer chains on the stability
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of the composite, as shown in Figure 6g Adsorption energies per monomer in the range of
115.9 to 190.8 kJ /mol were calculated for a range of CNT diameters and polymer lengths.
This approach can provide insights into the stability of promising redox active polymers
on a carbon substrate prior to experimental investigations.
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Figure 6. Simulation of the interactions between redox active molecules with carbons. (a) Binding
energies of different types of interactions. Noncovalent interactions include vdW, 7-rt, H-bonding,
ion-dipole and ion-ion types. (b) Interaction configurations of graphene-PANI system via AIMD
from 5 ps to 30 ps time frames. (c) DFTB model structures of DqTp COF, and (d) graphene and 3-3-3
COF-planar. HOMO and LUMO structures of aniline bound to the (e) inner surface of the CNT,
and (f) to flat graphene. (g) Two fluorene/carbazole copolymers demonstrating inter-chain steric
hindrance. Reproduced with permission from Refs. [81,117,119,129,130].

3.1.2. Covalent Interactions

Covalent bonding of species onto the carbon substrate or chemisorption often leads
to more chemically and thermally stable composites. The interaction energies vary be-
tween 100400 kJ /mol, which is usually an order more than that for non-covalent interac-
tions [113]. Covalent bonds, unlike weaker interactions, often form sp3 structures from the
pristine sp? configuration of the carbon substrate such as graphene [110], resulting in a less
reversible structural change compared to noncovalent interactions. DFT-based quantum
mechanical approaches commonly serve as adequate tools for approximating the formation
and stability of covalent bonds in the composites, including bond dissociation energies,
transition states during the grafting reactions on the surface of the carbon HOMO-LUMO
gaps, electronic behavior and surface conformations for these adsorption scenarios.

Atomistic computational investigations of polymerization or chemical grafting on
carbon substrates have been performed with small molecules such as pyrenes [131], di-
azonium cations [132], triazine [133] and biopolymers such as chitosan [134]. This form
of bonding between components of a composite commonly requires a more involved
fabrication process relative to non-covalently attached composites.
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3.2. Fabrication Methods

Among numerous polymerization and deposition methods developed for capaci-
tive composite electrodes, this review will focus on the most common and scalable ones
as well as their advantage, and issues. The conditions that affect the successful deposi-
tion/polymerization, the nano and microstructures and some inherent properties will also
be discussed.

3.2.1. Electropolymerization

The electropolymerization of redox active organic compounds has been the most
widely used method. It applies an electrical energy to the electrode immersed in a monomer
solution, which is simple, fast, versatile, environmentally benign, and applicable to most
redox active polymeric materials. Changes in the polymerization conditions, e.g., monomer
concentration, electrode potential, current density, and electrolyte pH will impact the
morphology and properties of the polymer [135]. Each type of monomer has an optimal
oxidation potential and current for homogeneous polymerization on the substrates. The
techniques frequently used in polymerization include potential cycling, potentiostatic steps,
and galvanostatic constant current [135].

The electropolymerization of redox active species starts with the oxidation of monomers
at a specific potential, followed by the formation of cation radicals of monomers that react
with adjacent monomers to form oligomeric products. The process continues during the
elongation phase to finally form the polymer chain. The synthesis and doping in poly-
mers are believed to take place simultaneously. The use of electric power supply and the
small-scale production of material are the main limitations of electropolymerization.

The charge storage of the electrodes is sensitive to the applied potential during the
electrochemical deposition. Zhu et al., showed that increasing the polymerization potential
of poly(thieno [3,2-b] thiophene) (PTT) to 1.3 V 1.5 V and 1.7 V led to rougher surface with
the formation of nanoparticles. At the polymerization potential of 1.7 V, the capacitance
was the highest (627.5 F/g, 15 A g~!) compared to those for the lower polymerization
potential [136]. In another example, the chronoamperometric deposition of PEDOT-PSS on
graphene produced wrinkled paper-like sheets at a moderate potential of 1.2 V yielded a
higher specific capacitance than at 2 V [137,138].

The structure, porosity and chemical composition of the substrate can also affect the
microstructure and the electrical conductivity of the polymers [135]. On activated carbon,
the organic layer tends to deposit inside the pores which could lead to a decrease in pore
size and less available space for ion adsorption. In addition, surface functionalities of the
carbon substrate can also play an important role as demonstrated by Branzoi et.al, that the
presence of negatively charged oxygen functional groups on the carbon served as anionic
dopant during the electropolymerization leading to a better conductivity of the overall
composite [139].

3.2.2. In-Situ Chemical Polymerization

In-situ chemical polymerization is also widely used to deposit functional redox active
polymers on carbons. The polymerization occurs in solution containing monomers and an
oxidizing agent. During the reaction, the monomers diffuse and adsorb on the substrate,
and the polymerization is driven by the oxidizing agents [140]. Relatively strong chemical
oxidants (initiator) are utilized, including ammonium peroxydisulfate (APS), permanganate
or bichromate anions, ferric ions, Mg-H*, and hydrogen peroxide [141]. The reactions can
occur in aqueous acidic and non-aqueous environments, depending on the solubility of
the monomer. Different from electropolymerization, only chemical energy is consumed
to produce the final products. However, safety issues can arise from the use of strong
oxidizing agents in acid environment. The reaction conditions, e.g., the concentration ratio
of monomer/oxidant and reaction environment such as the temperature and pH, etc., also
need to be optimized to obtain a consistent and reproducible deposition [142].
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In chemically polymerized composite electrodes, the polymer and substrate are mostly
connected via non-covalent bonding trough 7t-7r, hydrogen bond or sometimes electrostatic
bonding [110,143]. Redox active compounds have different orientations and morphologies
from the carbon nanostructures. When polymerized on CNT in a controlled environment,
PANI and derivatives can wrap around the individual nanotube in thin layers and form a
stable composite with long cycling stability [107]. In the case of graphene, the monomeric
units tends to intercalate between the graphene nanosheet increasing the interlayer spac-
ing [144].

In-situ polymerization can also involve covalent bonding between the redox active
organic compounds and the substrates. Diazonium salt on carbon is one of the good exam-
ples [145]. The diazonium grafting has been employed to covalently modify the surface
of carbon with conducting polymers, quinones, porphyrin, small organic molecules [59].
This method relies on aryl diazonium salt attached to the organic moieties and bond to
carbon. A spontaneous reduction of the diazonium cations occurs on the carbon surface,
leading to covalent bonds [146]. Pognon et al., investigated the effects of the covalent
grafting of catechol on the surface area and pore distribution of AC, where a difference in
deposition mechanisms was found for chemically grafted and physically adsorbed catechol.
The former caused a decrease in the accessible pores for ions in the electrolyte, while the
latter affected mostly the micropores [59]. With diazonium chemistry acting as covalent
linkers, Liu et al., developed a 3D hybrid electrode by grafting PANI nanorods on reduced
graphene oxide nanosheets, without the need for binders [147].

3.2.3. Hydro/Solvothermal Methods

Hydrothermal or solvothermal deposition methods have been applied to modify
carbon substrate with small molecules or for polymerization. Different from the typical
kinetically driven conditions, hydrothermal reactions are based on the thermodynamic
control [148]. During both hydrothermal deposition and polymerization, organic molecules
are added to the carbon substrate in an aqueous solution at elevated temperature and
pressure [149]. The main advantage is the absence of additional chemical reactant such as
oxidizing agent, catalysts or applied electrical energy to drive the reaction. The combined
effect of high temperature and pressure provides a one-step process to produce composite
electrode materials. Li et al., produced a PEDOT/rGO composite using hydrothermal
approach leveraging the oxygen functionalities on the rGO surface as a catalyst for the poly-
merization. When compared with physically mixed PEDOT, the former exhibited a 1.5 x
increase in capacitance [148]. Quinone based molecules such as 4-naphthoquinone have
also been polymerized on graphene hydrothermally to form flexible electrodes [150]. This
method is very versatile and provides the means for simple, scalable and fast production
of electrode materials.

3.2.4. Direct Deposition

While polymeric materials are often deposited via electro- or chemical- polymerization,
small redox active molecules can be deposited through direct deposition. One way is to
modify the carbon substrate and/or the organic molecules with added functionalities such
as polar groups [151] or sulfonate groups [118], so that the components can interact via
hydrogen bonds, -7t interactions leveraging the sp? carbon structure of the substrate,
or covalent bonds [118]. The other approach of applying organic compounds to carbon
is through electrostatic self-assembly [56,152]. For instance, negatively charged oxygen
functional groups on GO or CNT can be used to attract and retain cationic molecules. This
simple and effective solution process enables the deposition of monolayers to few layers
with good control of the morphology and thickness of the final composite electrodes.

Other techniques that have been explored include vapor phase polymerization (VPP)
and oxidative vapor phase polymerization (OVVP) [153]. As an example, Yang and
coworkers successfully deposited PEDOT on SWNTs and rGO substrates using VVP [60].
These methods produce thin films of polymer on substrates and have advantages such as
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independence of the solubility of monomers, and the possibility of multiple monomers
in one reaction chamber for synthesis of copolymers, which are promising for large scale
manufacturing of functional and stable composite electrodes [154].

4. Current Advances on Capacitive Organic-Carbon Composite Electrodes

The design and fabrication of redox active organic-carbon composites begins with
an understanding of the fundamental interactions between the redox active species and
its substrate. Although the main motivation of this review is to introduce a wide range
of organic-carbon composites, our survey will start with the well-known CPs (PANI, PPy
and PEDOT-PSS) to establish the fundamentals. Using these baselines, we will discuss
the promising organic-carbon composites systems. Table 2 lists a series of capacitive CPs-,
redox active molecules- and compounds-carbon composite systems, from fabrication, types
of bonding, to their performance. The majorities of the carbon substrates in Table 2 are
graphene [155] and CNTs, which reflects the current focus in research. Nonetheless, the
composites based on organic redox active materials with high surface and low cost ACs are
equally important or even more so for commercialization. While the goals of developing
composite electrodes are to increase the capacitances and energy densities, power and rate
capability for capacitive electrodes are equally important. It is necessary to balance these
parameters when designing and processing the capacitive electrodes to avoid developing
just “mediocre batteries” [156].

Table 2. Comparison of fabrication methods, bonding type, thickness, and electrochemical performance for some redox

active polymers and small molecules deposited on CNT, graphene and activated carbon.

Materials Fa}\l/){l‘;itcl?(t)ié)n ggﬁiﬂfg Thickn(e;lsn)Coating Electrolyte Capacitance Stability Ref.
Cv:
CNT-PANI In-situ poly- Chemical . 0.5 M HSO4 3543F/g, _
on GCE merization interaction 10-25 vs. Ag/AgCl  GCD: 368.4 [157]
F/g
AN/SAN- Electro- ] 20 1MH,S0,  2733F/g (5088'3;451 e, [158]
(1:1) polymerization vs. Ag/AgCl (05A/g) 2 AJg) ,
PANI- Chemical ) 1M H,S04 4828F/g }
Graphene grafting Covalent vs. Ag/AgCl (50 mV/s) [159]
~ Electro- _ 1 M H,S0O,4 424F/g ~
PPy-rGO polymerization 830 vs. Ag/AgCl (1A/g) [160]
51.3%
PPy-CP-50 1342mF/cm? (3 mA/cm?,
- - 1000 cycles)
PPy-CP-100 Electro- IMHSOy o E/em? (3 5?4?}% 2 [161]
y polymerization vs. Ag/AgCl 2mF/cm 10&; cycclr:s y
63.5%
PPy-CP-200 358 mF/cm2 (1000 cycles,
3 mA/cm?)
. 98% (10,000
o Chemical _ 1 M KOH vs. 561F/g d
PD4ET-g-GO orafting Covalent Ag/AgCl 5mV/9) z%yzl;e;,) [162]
Solution . . ) 1. M H,S04 536 F/g 100% (10,000,
NG/PEDOT Mixing -1 stacking vs. Ag/AgCl 05A/g) 10A/g) [163]
342 F/g (100 90.1%
polz— éPD_ Solvothermal Covalent - O'SVI\S/[ Is_légo‘l 3 4;“ I}’/g Szb 5 (1000 cycles,  [164]
AVg) 10A/g,)
515 mF/cm?
1.6 99%
POII}’(';()C')PD' Hydrothermal - - st hﬁ;ﬁggé mA/cm?), (1500 cycles, [49]
' 3083 F/g 1A/g)

(1A/g)
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Table 2. Cont.

Materials Fi}\lzll:fﬁ(t)i&m ];rglll)gi;)lfg Thickn(erf;l)Coating Electrolyte Capacitance Stability Ref.
. 100%
poly-o-PD- In-situ poly- 1. M H,SOq4 381F/g
rGO merization Covalent 2-4 (dots) vs. Ag/AgCl 1A/g) (g(s)gt)rrf%c/lg)s ’ [165]
: : F/cm? 0
CpF-CNT  Dip coating : 1-2 05MH,50, U 95%
-1 stacking vs. Ag/AgCl (50 mV/s) (5000 cycles, [166]
; Electro- 32 F/cmd 1V/s)
EpF-CNT polymerization 1-2 (50 mV/s)
. 95%
B In-situ poly- ) . 1 M H,SOy4 48 F/cm3
CpLum-CNT merization -7t stacking 4.5 vs. Ag/AgCl (100 mV/s) (40;)(1/ c/ysc)les, [107]
CV:316F/g
at 10 mV/s, 93.66% (4000
GPDH-rGO  Hydrothermal - GCD: 303.88 cycles,
F/gat05 2A/g)
A
Covalent 2 M H,S0,4 /8 [151]
CV:249F/g
at10mV/s,  87.14% (4000
GHPD-rGO  Hydrothermal - GCD: 231 cycles,
F/gat0.5 2A/g)
Alg
83% (10,000
o-PD- . 367 F/g at 50 d
graphene -7t stacking - Vs ZC}:l/egi
= 1 M H,S0,4
;;1 ilé)ne Hydrothermal Covalent ) vs. Ag/AgCl 372 F</ g/at 50 89% (10,000 [48]
__sraphene ovalen mv/s cycles, 2 A/g)
p-PD- ) 473 F/g at 50
graphene mV/s
2MKOHvs. 451 F/gat2 92:%@200
Hg/HgO \% y
p-PD-BC  Solvothermal VA 4 88 mV/s 100mV/s) 47
1M H,S04 442 F/g, _
vs. SCE 2mV/s
94% (5000
p-PD-FGA1 21006;@%2* cycles,
- 250 mV s 1)
-PD-FGA?2 Covalent 6MKOHvs. 325F/gatl10 -
p Hydrothermal bonding Ag/AgCl mV/s [167]
98% (5000
p-PD-FGA3 257;{} g/?;t 10 cycles,
250 mV s 1)
L . 05M
pyrel;ls?dtityrlc Efgggggﬁfhc -1 stacking 150 NaySO;4 vs. 125 i@g /2t 50 - [168]
MWCNT Ag/AgCl
rene . 60F/gat1l
—lgj\/}\]/CNT -1 stacking ng/s )
EC:DMC
gyorgrg_ 1Electro- ) nim stacking <5 with 1M 113F/gat1 [45]
- polymerization " LiPFg vs. mV/s
FWCNT Li/Li+ _
ng‘%%yﬁe]ﬂne_ Electrostatic 21056%:,( 1
Covalent 186 mF/cm? 0
Ni-Pc-CNT - (amide), 7 - e aaaSu - at138 S S C
stacking P ABIAE uA/cm? y
. . .. 50-100 83% (1500
Ni tetra NH-  Direct mixing . 1 M H,S0, 981 £57F/g
Pe-MWCNT 11 ratio -7t stacking Nano SCE at1A/g cycles, 1 mA. [56]

aggregates

cm~2)
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Table 2. Cont.

Fabrication

Type of

Thickness Coating

Materials Method Bonding (am) Electrolyte Capacitance Stability Ref.
negligeable
Nickel Tetra- Electro- 1M H,S0, 673.2F/gat (1500 cycles
NH-Pc-CNT  polymreization - vs. Ag/AgCl 50mV/s at 10_1121A.
o 100 cm™) [55]
icke
Tetra-NH-Pe- __Electro- 3916 F/g at )
OH-CNT polymerization 50mV/s
Co-p-TBIm-
Pc- -1 stacking - 25'595 F/gat -
rGO mV/s
Electro- 0.5 M H,SO4 [169]
Co-p- polymerization vs. Ag/AgCl 3491 F/g at
TAPBIm-Pc- -1 stacking - 5 4 -
rGO mV/s
; 263+£1.3 97% (10,000
TPPSCNT —  PIrect — rstacking 19 " th/{ioél F/cm®, cycles, [118]
P P ABIAE 100mV/s 1000 mV/s)
COFrA-DHTA- C?%’ia"}f-n ‘ 1 M Na,SO, 96%
MVNVCI\_TT Solvothermal DHTA)7m-nt 315 vs. Ag/AgCl ) (1000 cycles) [84]
stacking
160 F/¢ at 100% (3000
V-CNS-GO  Solvothermal  Covalent 13.6 + 4.2 6 M KOH ga cycles, [170]
1A/g 10Ag™)

Also in this review, the specific capacitances were cited based-on geometric, areal,
or volumetric capacitances from different reports, which often makes the comparison
difficult. While gravimetric capacitances are acceptable for comparison at the material
level, volumetric or areal capacitance in an EC device are much closer to reality.

4.1. PANI-, PPy- and PEDOT-Carbon Composites

The PANI-carbon composites have been well studied and reported, with various fabrica-
tion methods to manipulate the structure, morphology and chemical properties of such com-
posites [22,171-175]. Ordered nanostructures like PANI-CNT core-shell (1020 nm) yielded
greater capacitance compared to the bulk PANI electrodes (Figure 7a, Table 2) [157]. This
increase was due to the thinner coating that provided a better utilization of the nitrogen
redox center in the polymer. The coverage of the individual nanotubes also led to a smaller
diffusion length of the electrolyte ions enabling fast charge/discharge processes. The for-
mation of such core-shell nanocomposite can have increased internal resistance compared
to the bare CNT substrate and pure PANI electrodes [157].

Gao et al. investigated the covalent bonding of PANI on rGO substrate by controlled
diazotization, where aniline monomers were grafted onto rGO prior to the polymerization.
The end result is the formation of PANI nanofiber on the surface, enabling lesser structural
changes in the composite during charging/discharging processes [159]. The pipe-like
pores in the composite facilitated the diffusion of the electrolyte inside the electrode.
The combination of a-Graphene and PANI was enough to increase the overall structural
resilience, and improved capacitance of 482.8 F/g compared to 180.3 F/g and 451.5 F/g for
rGO and PANI, respectively) (Table 2) [159]. Stability wise, the composite lost about 30% of
its initial capacitance after the first 200 cycles and then stabilized, while the decay in pure
PANI electrode continued (Figure 7b).
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Figure 7. (a) TEM image of PANI-CNT composite, (b) cycling stability of PANI-CNT, (¢,d) SEM micrograph of the optimized
composite and CV profile comparison of carbon black (CNP) and CNP electrochemically modified with AN/SAN at ratio
from 1 to 4. Reproduced with permission from Refs. [157-159].

While PANI has been extensively studied on graphene, AC based substrates present
a low-cost alternative. Carbon black nanoparticles (CNP) were modified with PANI self-
doped with o-aminobenzene sulfonic acid (AN/SAN-CNP) and formed a 30 nm thick
coating (Figure 7c). The AN/SAN ratio was optimized to reach the highest current in CV
profile at 1:1 (Figure 7d). Further increase in SAN in the composite blocked pores of CNP
and decreased the active surface area. This example demonstrated that utilizing monomers
with functional groups acting as internal doping agents can help to ease the fabrication of
doped PANI composite electrodes without additional purification steps [158]. This also
shows that AC based substrate can be coated with thin layers of polymeric material to
achieve the desired capacitive performance (Table 2).

Composites based on PPy-carbon tend to have lower gravimetric capacitances and
high volumetric capacitance than that of PANI-based composites because of the higher den-
sity of PPY, especially with thicker layers [21,176]. The difference is due to the cauliflower-
structures in PPy films relative to the nanofibrils of PANI films [21]. While most studies use
external chemical doping to increase the conductivity of the PPy, Chang et al. utilized the
oxygen group on GO to dope the polymer during the fabrication of the PPy-rGO composite
(Figure 8a). This allowed for an improved electronic conductivity and a significantly re-
duced interfacial resistance as evidenced by impedance measurement (Figure 8b), together
with a greater capacitance than the pristine PPy films and PPy-GO (Table 2) [160].
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Figure 8. (a,b) Surface morphology and Nyquist plots of rGO modified with PPy, (c) optical and SEM images of PPy
deposited on CP at 50 mV /s, and (d) Comparison of GCD curves of carbon paper and PPy-CP fabricated at various scan
rates. Reproduced with permission from Refs. [160,161].

PPy composites have also been demonstrated with other carbon substrates. Wei et al.
electropolymerized PPy on carbon papers (PPy-CP) using deposition scan rates of 50 mV/s
(PPy-50), 100 mV /s (PPy-100), and 200 mV /s (PPy-200) (Figure 8c). A uniform microstruc-
ture of the polymer on the carbon paper was obtained with low internal resistance repre-
sented by smaller IR drop on the GCD curve for PPy-50 (Figure 8d). This may be the result
of the kinetics of the polymerization reaction, where slower scan rates enable more time
to complete the reaction. Nonetheless, the long-term stability is still a challenge, as only
50-60% of capacitance was retained after 1000 cycles (Table 2) [161].

Poly(3,4-ethylenedioxythiophene) (PEDOT) possesses a high electrical conductivity
in the p-doped state (300-500 S cm~!), a wide potential window (up to 1.5 V) as well as
good chemical and thermal stability [42,177]. Though the specific gravimetric capacitances
of PEDOT-based carbon composites are lower than that of PPy and PANI-based carbon
composites owing to the higher molecule weight of PEDOT (142 g mol 1), it is possible to
achieve greater cycle life stability because of fewer undesirable side reactions [16].

Weak, non-covalent 7t-7t interactions have often been demonstrated between PEDOT-
based carbon composites but may lead to lower stability during charge/discharge cy-
cles [137]. Meanwhile, covalent grafting can ensure stability for PEDOT and polythio-
phenes on carbon. A study used polythiophene bonded to rGO sheets [162] via alkoxy
side group provided a uniform interface and created channels for ion movement in the
electrode. This contributed to the composite retaining 57.6% of its capacitance from 1 A g~!
at20 A g~ !, promising for high-rate capacitive charge storage.

Among PEDOT-based organic composites, PEDOT /PSS is often reported where the
polystryrenesulfonate (PSS) polyanion reduces the swelling of the PEDOT during charging
and discharging. When PEDOT/PSS is composited with a carbon substrate, it further
promotes cycle stability. Teng et al. synthesized PEDOT /PSS-nitrogen-doped graphene
composites through a facile flow-assisted self-assembly and produced a free-standing film,
with good capacitance (536 F g~ ! at 0.5 A g~ 1) [163].
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Concerning the dissolution or stability of conducting polymer in the electrolyte, PANI,
PPy and PEDOT require protonation within pH 0-3 to be conducting, but remain insoluble
in aqueous media. When composited with graphene, the conducting polymers show
reduced cycling-induced swelling and structural degradation and do not have clear side
reactions [173]. The CPs-carbon composites in this section represent examples of typical
capacitive electrodes achieved by a combination of proper design and optimization of
various parameters. When developing high performance electrodes, it is important to ratio-
nally assemble the right redox layer with the proper substrates to achieve a complementary
effect between the two rather than simply following a well-known procedure.

4.2. Redox Active Small Molecule-Carbon Composites
4.2.1. Phenylenediamine

Phenylenediamine (PD) molecules have shown promising capacitive performance on
the surface of graphene. They can prevent the re-stacking of the nanosheets by increasing
the interlayer spacing and contribute to the charge storage via reversible faradaic reac-
tions. The fabrication techniques have significant influence on the overall electrochemical
responses of the composite electrodes. For instance, reducing the oxygen groups of the GO
substrate prior to the covalent bonding of p-PD gave different microstructures and lowered
the capacitance from 316 F/g to 249 F/g (Table 2). This was explained by the restacking of
rGO upon the reduction of the oxygen groups on the surface, limiting the insertion of the
p-PD molecules between the nanosheets [151].

The amount of p-PD molecule in the composite also affected the microstructure and
the electrochemical response, as evidenced by the functionalised graphene aerogel (FGA)
with p-PD via NH-O covalent bond. The addition of moderate amount (2:1) of p-PD in FGA
led to increased surface area with high mesoporosity (Figure 9a) and increased capacitance
(325 F/g) (Figure 9b, Table 2). However, excessive p-PD in FGA (3:1) led to decreased pore
size and pore volume and lower capacitance (257 F/g). A higher concentration of active
molecules in a composite may not necessarily provide better charge storage [167].

In a study on the effects of the position of amine on the performance of PD isomers
(Figure 9c), Song et.al. observed that the o-, m-, and p-PD bonded differently with the
graphene nanosheets [48]. The o-PD isomer preferred both 7-m and covalent bonding,
while p-PD and m-PD only formed covalent bonds. The p-PD and m-PD isomers resulted
in larger inter-space between the graphene sheets of 1.41 nm and 1.3 nm, whereas o-PD had
disordered orientation between the nanosheet with inter-space between 0.61 and 0.43 nm
(Table 2). This was attributed to both steric effect and the inconsistent deposition of o-PD
between the graphene sheets [48].

Small PD molecules are redox active in both acid and alkaline electrolytes. A meso-
porous bubble-like carbon (BC) was covalently coated with 4 nm thick p-PD (p-PD-BC) and
resulted in ca. three times increased capacitance in both HySOy acid (442 F/g) and KOH
(451 F/g) electrolytes. The composite displayed excellent cycling stability for 5000 cycles
in both electrolytes due to the inherent chemical stability of the p-PD molecules and the
CO-NH covalent bond between the p-PD and BC substrate preventing the mass loss of the
organic layer (Figure 10a—d) [47].
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Figure 9. (a,b) Pore size distribution and CV profile at 10 mV /s of p-PD functionalized graphene aerogel (FGA), (c) o, m,
p-PD isomers intercalated between graphene sheet Reproduced with permission from Refs. [48,167].
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Figure 10. (a—d) fabrication process, morphology, pore size distribution, and CV profile of BC-p-PD composite electrode.
Reproduced with permission from Ref. [47].

4.2.2. Macrocycles (Porphyrin/Phthalocyanines)

Chidembo et al. demonstrated an application of porphyrin/phthalocyanine macrocy-
cles for energy storage in 2010 [55,56]. Ni tetra amino-phthalocyanine (NiTAPc) powder
was mechanically mixed with CNT in 1:1 ratio to form a composite with nanoaggregates of
50-100 nm. The composite exhibited a large capacitance of 981 £ 57 F/gat1 A/gin1M
H,S0O, over a potential window of 0.5 V. The enhanced capacitance was attributed to sev-
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eral factors: (a) the quinonyl oxygen functionalities on the substrate; (b) electron exchanged
from the Ni in the macrocycle; and (c) the imine-like groups within the phthalocyanine.
Nonetheless, the composite had a sharp loss in capacitance from about 18 mF/cm? in the
first hundred cycles to stabilizing at around 14 mF/cm?. This decrease was related to the
weak interactions between the NiTAPc and CNT [56]. The same author electropolymerized
NiTAPc on CNT and reported that the PolyNiTAPc had higher electrochemical response
in acidic environment than in alkaline [55] (Table 2). This was explained by the stronger
interaction between the nitrogen groups in the phthalocyanine ring and the H;O" from
the HySOy electrolyte. The electropolymerized NiTAPc also had a better capacitance re-
tention after 1500 cycles compared to the mechanically mixed composite in their previous
work [56].

A thin layer (1.9 nm) metal-free tetraphenylporphyrin sulfonate was deposited on
CNT (Figure 11a). The composite electrode had doubled capacitance over that of bare
CNT (Figure 11b, Table 2). The enhanced capacitance was from the synergy between
the substrate and the macrocycles, where a 9% decrease in HOMO-LUMO gap for the
TPPS molecule was observed. This change in molecular orbital suggest that the kinetics
of the charge storage process in the composite is relatively fast and is mostly due to the
surface redox processes. In addition, the TPPS-CNT exhibited high cycling stability for
10,000 cycles (Figure 11c) [118].

The presence of substituents on the macrocycle ring affects the overall electrochemical
responses of the porphyrin/phthalocyanine molecules. For example, nitrogen containing
substituents benzimidazole (BIm) or aminobenzimidazole (ABIm) were attached to a
cobalt phthalocyanine (CoPc) that was deposit on rGO (Figure 11d) [169]. Both BIm and
ABIm substituents tend to electropolymerize upon applied potential to give poly-BIm and
poly-ABIm. The resulting composites had multiple redox peaks in wide potential range
from Co central metal atom, pyrrole from Pc ring and pyridinic nitrogen groups from
the substituents. The effects of BIm and ABIm substituents on the Pc ring led to different
electrochemical behavior. The macrocycle substituted with ABIm forms stable phenazine-
like structure once polymerized (Figure 11d). This resulted in a greater capacitance over
the Pc substituted with BIm that forms an imine bridges in the polymer (Figure 11e), which
are less reactive than their phenazine counterpart (Table 2) [169].

The great advantages of macrocycles are their highly tunable chemical and electronic
properties that could be exploited to design their electrochemical behavior. This aspect is
promising from synthesis standpoints but still relatively under-developed. While there
are more advances in the areas of photovoltaics, some of their synthetic strategies can be
applied as well.
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Figure 11. (a—c) TEM image of TPPS-CNT composite electrode with thickness highlighted with yellow arrow, CV profiles
comparison of CNT and TPPS-CNT and CV profile of the composite after 5, 5000, and 10,000 cycles, (d,e) Chemical structure
of (a) cobalt-poly-tetraaminophenylbenzimidazole phthalocyanine (Co-p-TABim-Pc-rGO) and Co-poly-tetrabenzimidale
(Co-p-TBIm-Pc-rGO. Reproduced with permission from Refs. [118,169].

4.3. Other Polymers
4.3.1. Pyrene Derivatives

Conjugated pyrene derivatives have shown pseudocapacitive characteristics with
CNT and graphene. Pyrenes can attach to the carbon substrates by non-covalent (7-7r)
and covalent bonding [178], whereas the functional groups of COOH-, C=0, and NH,
add redox features and tend to polymerize upon applied potential [45,168,179]. The 7-1t
bonding is illustrated in Figure 12a, where the pyrene molecules are intercalated between
the graphene layers. As a result, the pyrene-graphene composite displayed relatively
high conductivity, high stability (Figure 12b,c) and good pseudocapacitive performance.
Another example is CNT modified with carboxy (COOH) and amino (NH,) functionalized
pyrene. Electropolymerized COOH-Pyrene and NH,-Pyrene exhibited very different redox
behavior on oxidized CNT. Although both had reversible redox peaks on their respective
CVs, NH,-Pyrene-CNT had the most capacitive-like profile. Performance wise, the NHj-
Pyrene-CNT had nearly twice the capacitance (210 F/g) of COOH-Pyrene-CNT (113 F/g)
(Figure 12d,e, Table 2) [45]. Since pyrene derivatives are abundant in industrial waste,
applying these molecules in composite electrodes could lead to more sustainability toward
lowering the carbon footprints.
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Figure 12. (a) Representation of pyrene intercalated between graphene nanosheets, (b,c) GCD curves at various current
density and capacitance retention of the pyrene graphene composite, (d,e) CV profiles of COOH and NH;-pyrene on
FWCNT at 1 mV/s and their corresponding SEM images. Reproduced with permission from Refs. [45,168,180].

4.3.2. Poly-Phenylenediamine

Poly-para-phenylenediamine (poly-p-PD) and poly-ortho-phenylenediamine (poly-o-
PD), two isomers of poly-PD covalently attached to rGO substrate formed small polymer
dots on the surface (Figure 13a,b). The diameters of the poly-p-PD were 10-50 nm, larger
than that of poly-o-PD of 2-4 nm (Figure 13c,d). However, the larger dots on the rGO
substrate yielded lower capacitance (Table 2) [49,164,165], reflecting the importance of
material utilization: a thin layer and smaller size (in this example) of the active materials
on carbonaceous materials will lead to more effective utilization and often faster charge
storage kinetics of the composites.
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4.3.3. Polyfuchsin and Polyluminol

Other nitrogen containing polymers such are polyluminol-CNT and polyfuchsin-CNT
composites also showed capacitive charge storage properties. N’'Diaye et al. demonstrated
the polymerization of fuchsin on CNT via both chemical (CpF) and electrochemical (EpF)
routes. The composite electrodes exhibited multiple highly reversible faradaic redox re-
actions, indicative of their pseudocapacitive-like behavior (Figure 14a,b). The enhanced
electrochemical performance of the composite electrodes was related to a strong 7 interac-
tion between the polymers and CNT substrate providing high stability, and the presence of
phenazine-like redox groups in the polymeric backbone [166].

A study on chemically polymerized luminol and CNT (CpLum-CNT) revealed that the
composite electrodes had c.a. 2.5 times higher volumetric capacitance than that of bare CNT
at an optimal 4.5 & 1.5 nm of polymer (Figure 14c) [107]. Leveraging the quantification
method developed by Wang and Dunn [11,27], the capacitive contribution of CpLum-CNT
was estimated to be about 74%, with 70% of the total charge stored attributed to CpLum
(Figure 14d). It is hypothesized that the electrochemical redox reactions were from the
secondary amine (NH) and the amide (NH-C=0) groups in the polymer in comparison
to the similar polymers like PANI. However, the actual mechanism needs to be further
investigated to differentiate the specific contributions from the multiple functional groups
in the polymer.
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Figure 14. (a,b) SEM, CV profile of CpF-CNT (100 mV/s) and EpF-CNT, (¢,d) SEM micrograph and
CV profile showing the capacitive contribution in CpLum-CNT composite (15 mV/s). All CVs were
obtained in 1 M H,SOy electrolyte. Reproduced with permission from Refs. [107,166].

4.4. Covalent Organic Frameworks (COF)

COFs have been applied directly as electrode materials but suffer from relatively low
conductivities [44]. One way to rectify this is through synthesizing composites with electron-
ically conducting carbon materials such as CNTs [84], graphene and GO. Sun et al. used a
molecular pillar approach and grew vertical COF nanosheets on GO with covalently bonded
diboronic acid (DBA) (Figure 15a,b) acting as the nucleation sites [170]. The resulting vertical
nanosheets were 3-15 nm thick with a SSA of up to 700 m? /g (Figure 15c) and capacitance
reaching 160 F/g. An alternative route (Figure 15d) to produce platelets parallel to the
surface (Figure 15e) showed approximately half the SSA and lower capacitance (90 F/g).
This vertical arrangement may have contributed to the stable electrode capacitive behavior
over 3000 cycles. Improvements to ion movement have also been achieved with thin layers.
Wang et al. synthesized 2D COFs with 4,4’,4"-(1,3,5-triazine-2,4,6-triyle)trianiline (TTA)
and 2,5-dihydroxyterephthaldeyde (DHTA) subunits on amino-functionalized MWCNTs
using a facile solvothermal method as shown in Figure 15f [84]. The amine-functionalized
MWCNT (Figure 15g) with the COFt7a-pHTa shell (Figure 15h) had a thin layer distribution
between 12-37 nm, with perpendicularly oriented hexagonal pore channels, promoting
ion movement. Furthermore, the customizability of COFs enables efficient and fast proton
transfer at hydrophilic sites. Adsorbed water chains transport protons through the removal
and formation of O-H bonds via the Grotthuss mechanism, promoting pseudocapacitive
behavior [181]. Hence, these structural arrangements and orientations are critical for COFs
to be exploited in thin layers in redox active composites. While COF have interesting
features, the main challenge is to precisely design these large organic frameworks with
redox center that can complement each other to achieve capacitive performance.
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Figure 15. (a) Functionalized GO with DBA in methanol. (b) Vertical COF nanosheets growth using DBA functionalized on
GO dissolved in mesitylene/dioxane (v-COF-GO). (d) Parallel COF platelets to GO formation without DBA (COF/GO).
Carbonization of (c) v-COF-GO and (e) COF/GO to produce vertically oriented nanosheets (v-CNS-RGO) or parallel to
RGO surface (CNP/RGO). (f) Schematic of COFTTA-DHTA shells on the NH,-f-MWCNT surface. COFTTA-DHTA was
constructed from TTA and DHTA via imine linkages. (g) NH-f-MWCNT and (h) NHy-f-MWCNT and COFTTA-DHTA
synthesized at 10 mg mL~! of NH,-f-MWCNT at 120 °C for 24 h. Reproduced with permission from Refs. [84,170].

5. Perspectives and Conclusions

In this review, multiple aspects regarding the development of organic-carbon compos-
ites with capacitive charge storage capabilities were discussed. The high-power densities,
fast rate, and long charge-discharge life cycles of the capacitive electrodes rely mostly on
surface-confined processes, either electrostatic or faradic in nature. While Faradic redox
reactions can significantly increase the capacitance and energy storage in organic-carbon
composite electrodes, one should consider the surface and interfacial phenomena and try to
minimize diffusion limited processes. In addition, for future energy storage solutions, it is
also important to take into account the low cost and high environmental sustainability. Be-
low are some suggestions for the future development and improvement of organic-carbon
composite electrodes for ECs.

e  Organic Materials

The redox active organic compounds and composites should meet the criteria of capac-
itive nature and have high chemical and electrochemical stability. Pseudocapacitive behav-
ior that shows ideal characteristics as reflected in linear galvanostatic charge-discharge and
rectangular voltammograms need to be targeted [177]. Battery-like bulk faradaic behavior,
which is not ideal for high-power (rate) capacitive applications but is often reported for
supercapacitors, should be differentiated. On the other hand, small molecules, although
relatively underexplored, provide more versatile and tunable alternatives to the organic-
carbon composites. Recent advancement on fast redox kinetic organic molecules (e.g., a
diffusion-free Grotthuss proton-hopping hydrated Prussian blue [182]) and composites has
further blurred the boundaries between high-rate battery and high-energy pseudocapaci-
tive materials [3,66,181]. This also makes the organic material synthesis more exciting and
challenging with specific performance goals moving forward.

Many redox active species discussed in this review contain either N- or O- functional
groups as electrochemical redox centers. Developing novel organic compounds with
multiple redox centers could be of interest. A good example would be COFs that could
be designed specifically for pseudocapacitance. Recent report on perylene diimide and
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hexaazatrinaphthylene system also pointed to a very promising direction to facilitate the
diffusion and long-range charge delocalization via molecule contortion [66].

While the redox activity of organic compounds is very appealing for energy storage,
researchers should be vigilant to their possible health and environmental issues. The
benefits of these organic compounds must significantly outweigh their side effects. The
assessments for safety in different conditions and environments is important to determine
the proper handling and waste management of these nanomaterials [183].

The electrochemical redox mechanisms of most organic compounds are still based
on the consensus from the well-known CPs, with limited evidence connecting to the
actual chemical structural changes during the charge/discharge. Efforts are needed to
elucidate the redox mechanisms for those electrochemically active compounds using in-situ
or operando characterization methods.

e Carbonaceous Substrates

High surface area carbon substrates are ideal for capacitive organic composite elec-
trodes, more particularly those with a rich network of sp? hybridizations. Since these
contribute to the electric conductivity and bonding, both of which are important for fast
and enhanced charge/discharge processes. While CNT and graphene are excellent sub-
strates for fundamental studies of redox active compounds and composites, the cost of
these nanomaterials makes them less desirable for large scale productions. Therefore,
development efforts should be invested into activated carbon (AC), especially biomass
waste derived AC to lessen the environmental impact and further help to meet the target
of carbon neutrality. An ideal carbon substrate for bonding with organic molecules needs
to have a relatively high conductivity, high surface area with meso sized porosity, high
concentrations of sp? hybridizations, high surface functional groups to be compatible with
the organic layer, and with a simple and low-cost production.

e  Computational Aspects

Computational first-principle approaches have shown great promise in predicting
the structural and electronic stability of composites based on the interactions of their
individual components. Currently, however, studies on composite interactions often do
not consider the relationship between the composite components and the electrolyte. This
arises from the computational time, cost and complexity of the simulations involved but
provides opportunities for further explorations of these aspects. The other area of growing
interest is the application of computational design of redox active species for energy
storage applications as there is currently a limited number of work demonstrating such
molecular design [66,184,185]. Another direction is simulating porous electrodes with their
characteristic pores, and surrounding electrolyte environments. Furthermore, accurately
modeling solvation behavior of the electrolyte under an electric field provides another
route to make computational approaches more applicable [124].

Techniques such as MD can provide good approximations for ion movement and
electric double layers but still lack adequately accurate reactive force field potentials for
modeling the complex interfacial redox processes for pseudocapacitance [109,186]. This is
an important future direction to better predict the interfacial phenomena for redox active
composites. For reporting predicted energies, systems with large molecules such as COFs,
considerations with respect to the atom count instead of moles should be included to
account for the size of the species.

e  Design and Fabrication of Composite Electrodes

In this review, various examples of composite electrodes were discussed to demon-
strate the importance of proper matching of the individual components in the composite to
achieve the desired capacitive charge storage. Below we propose several research directions
that could be explored to further push the performance of organic-carbon composites for
electrochemical capacitors and beyond.

While the well-known CPs provide insights to the redox pseudocapacitance as well
as the interactions with the substrates, high loading with thick bulky CPs to composites
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may induce more mass-transfer limited kinetic processes. Research towards optimization
and engineering of ideal electrodes is still the key. To achieve this goal, thin layers of active
materials should be prioritized over bulkier layers for capacitive charge storage.

In addition to the conventional approaches developing single-layer organic materials,
efforts should be directed to leverage the strength of multi-layer of active/functional
components to rationally design, tune and optimize the composites. Some redox active
organic species do not necessarily have pseudocapacitive-like behavior but still present
fast redox kinetics that could be leveraged for ECs. Designing and engineering multi-
layer redox active materials to modify the carbon surface may lead to complementary
electrochemical contributions to achieve pseudocapacitance and even synergies [187]. It is
equally important to develop simple, environmentally friendly and scalable processes that
limit the use of harsh chemicals to fabricate composite electrodes. This will be particularly
desirable when applying to low-cost materials such as biomass derived AC.

On a more fundamental level, future research should focus on developing in-situ
and operando characterization methods to investigate the underlying mechanisms of
the redox activity and the interactions between carbon substrate and active materials.
While this aspect is relatively less reported, having a deep understanding of the chemical,
structural and morphological changes within the composites will enable the development
of more efficient and stable composite electrodes for ECs and beyond. Furthermore, the
stability of the electrode materials and the occurrence of side reactions should be adequately
characterized in future research, by conducting impedance spectroscopy (Nyquist and
Bode plots) and cycling tests of at least 5000 to 10,000 cycles.

Although EC devices enabled by capacitive organic-carbon electrodes are not dis-
cussed in this review, advanced devices are the destiny for the electrode development. In
transition from electrodes to devices, there is a need for design guidelines for ECs (in either
liquid- or solid-state). In practice, an electrode with high gravimetric capacitance may
not translate to high capacitance in EC devices. A complete EC device not only needs the
appropriate electrodes and electrolyte to function but also requires current collectors and
packaging. A systematic and comprehensive approach is necessary to identify the optimal
matches of electrode chemistries, structures, loadings, and electrolyte interfaces to achieve
the ultimate goals of high performing, environmentally safe and low-cost capacitive charge
storage solutions.
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