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The discovery and development of novel approaches, materials and manufacturing processes in the field
of energy are compelling increasing recognition as a major challenge for contemporary societies. The
performance and lifetime of energy devices are critically dependent on nanoscale interfacial phenomena.
From the viewpoint of materials design, the improvement of current technologies inevitably relies on gaining
control over the complex interface between dissimilar materials. In this sense, interfacial nanoarchitectonics
with polymer brushes has seen growing interest due to its potential to overcome many of the limitations of
energy storage and conversion devices. Polymer brushes offer a broad variety of resources to manipulate
interfacial properties and gain molecular control over the synergistic combination of materials. Many recent
examples show that the rational integration of polymer brushes in hybrid nanoarchitectures greatly improves
the performance of energy devices in terms of power density, lifetime and stability. Seen in this light,
polymer brushes provide a new perspective from which to consider the development of hybrid materials
Received 25th September 2018 and devices with improved functionalities. The aim of this review is therefore to focus on what polymer
DOI: 10.1039/c8cs00705¢e brush-based solutions can offer and to show how the practical use of surface-grafted polymer layers can
improve the performance and efficiency of fuel cells, lithium-ion batteries, organic radical batteries,
rsc.li/chem-soc-rev supercapacitors, photoelectrochemical cells and photovoltaic devices.
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Introduction

Energy is the key element that allows our societies to grow and
evolve in a sustainable manner. It is no exaggeration to say that
this is one of the issues to which global institutions have paid
the closest attention over the last decades.”” Our use of energy
is strongly correlated with many environmental problems, such
as global warming, air pollution and climate change. This is the
reason why clean, low-cost and high-efficient energy storage
and conversion are essential for the sustainable development of
our societies.

During the last decade, significant progress has been made in
developing advanced technologies to face these challenges.®*
However, to enable cost-effective energy production, further
improvement of performance and efficiency of current technol-
ogies is strongly needed.

In this respect, nano-architected hybrid materials are becoming
increasingly important for developing energy conversion and storage
devices with optimized properties.” Carefully designed nanostruc-
tured hybrid materials consisting of different, complementary build-
ing blocks can evolve into nanostructured materials with unique
property combinations.® These materials may have specific inter-
faces or structures leading synergistically to explicit properties. Some
may wonder why we are placing special emphasis on hybrid and
nanostructured interfaces. The reason for this is that the perfor-
mance of energy conversion and storage devices depends intimately
on the interfacial characteristics of their constituting materials.” To
express enhanced or concerted functions from different counterparts
we need to integrate building blocks across complex interfaces.

It is also important to consider that creating such com-
plex nanoarchitectures requires the tailored production and
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organization of nanoscale structural units into predefined
configurations. Research efforts in this direction are often
referred to as ‘“nanoarchitectonics”, a term popularized by Ariga
and co-workers.® In that regard, the ample functional and
structural versatility of polymer brushes make them “ideal”
building blocks for “soft nanoarchitectonics”.’

Polymer brushes refer to assemblies of macromolecules that
are tethered by one end to a surface or interface.'® There are
two main strategies for generating polymer brushes: “grafting
to” and “grafting from” (Fig. 1)."" In the “grafting-to” techni-
que, pre-synthesized polymers are anchored to a surface from
solution."” In contrast, the “grafting-from” approach involves
sequential growth of polymer chains from the surface.’®'* It is
useful to note that in many cases, for simplicity of expression,
the term ‘“‘polymer brush” is used as a synonym of the terms
“tethered polymer chains” or “end-grafted polymers.” How-
ever, strictly speaking, the term ‘“polymer brush” should be
associated with a layer of tethered polymer chains under
specific conditions—when the behavior of the tethered layer
is dictated by strong interactions between densely grafted
polymer chains.™

From a historical perspective, the use of polymer brushes
has been mostly circumscribed to the modification of surfaces
for wetting,"® adhesion,'” lubrication,'® detergency,® biocom-
patibility,>® and colloidal stabilization applications.>* Needless
to say that these macromolecular interfacial architectures have
also facilitated the construction of substrates displaying tailor-
able electrochemical,” nanomechanical,” photochemical,>*
and/or thermoresponsive®® properties. The field of polymer
brushes has evolved over the years and has now matured into
an independent and identifiable subject that is increasingly
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Fig. 1 Schematic illustration describing the main chemical strategies (“grafting-to” and “grafting-from” approaches) used to tether functional polymer

brushes on different substrates.

shifting towards a new focus on energy-related applications.
This trend has been accelerated by the fact that polymer
brushes are fully compatible with a wide variety of technologi-
cally relevant surfaces and nanomaterials, including ITO,*®
halloysite® montmorillonite,*® CdSe,> C€dS,*® Gaas,*' gold
colloids,** single-walled carbon nanotubes,*® multi-walled carbon
nanotubes,* and nanographene.*

The increasing interest in polymer brushes relies on their
flexibility to create tailored films®® displaying pseudo-3D spatial
arrangements of functional units in which chemical composi-
tion, thickness, and grafting can be addressed with nanoscale
precision.®”*® This is particularly obvious when we think of
polymer brushes as “soft” building blocks capable of con-
ferring specific functions to a broad range of materials.**™*!
Exciting opportunities to create materials with a suite of
designed properties are revealed when we think in this manner.
Polymer brushes provide a complementary and new perspective
from which to consider the synergy between macromolecular
functional units and nanomaterials - or nano/microstructured
substrates — and the subsequent integration of these hybrid
assemblies into energy conversion and storage devices (Fig. 2).

Let us think for a moment about the multiple scenarios in
which polymer brushes could enhance the functional perfor-
mance of such devices. The last few years have seen dramatic
advances in the use of low-dimensional materials for sustain-
able energy applications, such as graphene, semiconductor
quantum dots and other inorganic nanostructures. Controlling
their interfacial interactions and organization by tailoring their

816 | Chem. Soc. Rev., 2019, 48, 814-849

dimensions, composition and structure is the stepping stone to
reach the objective of increasing the efficiency in energy con-
version and storage. For example, nanoparticles themselves can
be used as building blocks for two-dimensional arrays in solar
cells and electrochemical devices. However, they can also generate
highly interconnected three-dimensional hetero-supramolecular
networks with superior performance if they are integrated into
polymer brushes. Gaining nanoscale control over the structural
arrangement of polymer brush-nanomaterial hybrids can lead to
substantial improvement of electron and photoelectron transfer
properties with immediate effects on the photovoltaic, photo-
catalytic and electrocatalytic outputs.

Polymer brushes represent a versatile chemical solution to
confer specific functions to a molecular material through an
appropriate chemical and/or macromolecular design.*>** They
exhibit remarkable properties, including their ability to interact
and preconcentrate ionic species, such as Li" ions. The high
surface density of functional groups should provide a large
number of interaction sites for surface or interface-related pro-
cesses, this being an extraordinary property for energy storage
applications. The flexibility of the grafted polymer chains shows
promise in adapting to structural expansion and contraction
during electrochemical processes. The formation of redox active
polymer brushes on conductive substrates can improve the
electron transfer characteristics of energy conversion devices.
Functional polymer brushes can give rise to interfacial p/n
junctions applicable to photoelectrochemical cells through the
controlled integration of light absorbers, electron-transfer

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Conceptual illustration describing the combination of polymer brushes with different nanomaterials and nanostructured platforms as strategy
associated to the molecular/nanoarchitectonic design and construction of highly efficient energy conversion and storage devices.

mediators and catalysts. Additionally, the strong interfacial
confinement derived from densely grafted polymer changes
may facilitate the hopping of electrons or the transport of ions,
which are advantageous for photovoltaic and electrochemical
devices. We should bear in mind that in confined spaces the
polymer segments are in close interaction with the surface,
thereby leading to significant changes in their properties,
including chemical reactivity, macromolecular organization
and dynamics.

As follows from the above considerations, ample possibili-
ties exist for the practical application of polymer brushes in the
design of energy storage and conversion devices. In view of the
recent progress in the practical use of polymer brushes as
building blocks to increase the efficiency of energy conversion
and storage devices, this review is specifically aimed at pro-
viding exposure of the emerging applications of these macro-
molecular systems as key structural and functional units in
solar cells, solar fuel production, organic radical batteries,
photoelectrochemical cells, lithium-ion batteries, supercapacitors
and fuel cells.

Proton exchange membranes

Proton exchange membrane fuel cells (PEMFCs) continue to
be at the forefront of alternative energy technologies.** These
electrochemical systems, that consume hydrogen or methanol
to generate electricity, are clean energy sources capable of

This journal is © The Royal Society of Chemistry 2019

reaching high-power density and efficiency with low emission levels.
For these reasons, PEMFCs are excellent candidates for various
purposes, including electric vehicles, portable devices or even power
stations for home use. Although fuel cell technologies have been
known to industry from a long time, technological progress and
sustained investment in this research field over the last decade
made possible the fabrication and commercialization of low-cost
fuel cell devices.” In addition, important technical advances in
materials science facilitated the construction of PEMFCs with
lowered amounts of precious metals, thus making fuel cells a
dynamic and vibrant area also in the energy marketplace.

Historically, perfluorinated polyelectrolytes, such as Nafion,
have been the “‘golden standard” for preparing proton exchange
membranes.*® In the case of Nafion, phase segregation between
hydrophobic and hydrophilic domains is responsible for gener-
ating hydrophilic, proton-conducting ionic nanochannels deco-
rated with sulfonic groups.”” However, these perfluorinated
polymers are costly to produce, lack mechanical strength and,
more importantly, their proton-conducting characteristics are
highly dependent on the humidity. For instance, dehydration of
Nafion in low humidity conditions triggers the collapse of the
physical architecture of the membrane, affecting the dimen-
sional stability of the proton conducting channels and leading
to a significant loss of conductivity.

In this context, different research groups resorted to poly-
mer brushes as key elements to find new technologies enabling
the facile and low-cost production of efficient proton conducting
platforms.

Chem. Soc. Rev., 2019, 48, 814-849 | 817


https://doi.org/10.1039/c8cs00705e

Published on 13 December 2018. Downloaded by Y unnan University on 8/23/2025 5:33:14 PM.

Chem Soc Rev

On that premise, Azzaroni and his collaborators*® proposed
an approach to prepare robust proton conducting membranes
based on the use of ordered two-dimensional macroporous
silicon membranes functionalized with poly(sulfopropyl meth-
acrylate) brushes (Fig. 3A). The silicon hybrid membranes were
fabricated through pore-confined surface-initiated atom trans-
fer radical polymerization and led to proton exchange mem-
branes displaying proton conductivities in the range of
107> S em™ . This strategy relies on the formation of a well-
defined polyelectrolyte environment inside a robust rigid scaffold
in order to avoid structural transformations of the conducting
channels under varying humidity conditions (Fig. 3B).* In
principle, polyelectrolyte domains decorated with sulfonate
groups are ideal to create hydrophilic channels in PEMs; how-
ever, dehydration at low relative humidity (RH) is still a major
problem promoting a marked decrease in the proton conductiv-
ity. These authors demonstrated that this problem can be easily
circumvented by means of adding PEGylated monomers (mono-
mers with polyethylene glycol side chains) to the poly(sulfopropyl
methacrylate) brushes.>® By simply copolymerizing sulfopropyl
methacrylate (SPM) and monomethoxy oligo-(ethylene glycol)-
methacrylate (MeOEGMA) in a 10:1 monomer ratio, proton-
conducting membranes with outstanding properties were prepared
(Fig. 3C and D). In these systems, PEGylated co-monomers

Ordered Si/SiO
Macroporous Scaffold
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exhibiting excellent hydroscopic properties are responsible for
retaining water molecules in the macromolecular environment
through hydrogen bonds with the ethylene oxide units of the
polymer brushes.

The construction of proton conducting membranes using
a rigid scaffold presenting aligned nanochannels has been
also explored by Fang et al.>" through the integration of poly
(sodium 2-acrylamino-2-methylpropane sulfonate) (PAMPS) brushes
into TiO, nanotube array membranes via surface-initiated free
radical polymerization. The implementation of this ‘“grafting
from” approach facilitated the control over the degree of
polymer filling of the nanoporous membrane. These authors
observed that, for temperatures below 120 °C, proton conduc-
tivities for both partially and fully filled TiO, membranes are
almost the same. Control experiments confirmed that proton
conductivity of PAMPS-modified membranes is significantly
higher than that of the unmodified TiO, aligned nanoscaffold.
These experimental observations might suggest that the proton
conductivity within this temperature range is largely dominated
by the ionic segments close to thepolymer-TiO, interface.
Then, impedance studies indicated that parity between con-
ductivity values of both partially and fully filled nanomem-
branes no longer applied once the temperature increases to
140 °C. At this temperature, the proton conductivity of fully
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Fig. 3 (A) lllustration of the ordered two-dimensional macroporous silicon membrane modified with the polymer brushes. The cartoon also depicts

chemical structure of the random copolymer polySPM-co-MeOEGMA brushes grown inside the membrane pores. (B) Scanning electron micrographs
corresponding to the silicon membrane modified with polySPM-co-MeOEGMA brushes. (C) Proton conductivity as a function of relative humidity for the
silicon membrane modified with polySPM-co-MeOEGMA brushes and a Nafion 117 membrane. (D) Proton conductivity as a function of temperature for a
silicon membrane modified with polySPM-co-MeOEGMA brushes. Reproduced with permission from Yameen et al., Angew. Chem., Int. Ed., 2009, 48,
3124. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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filled PAMPS-modified membranes (1.25 x 10~ S em™") is
almost 30% higher than that of partially filled TiO, scaffolds.
In the same spirit, Zharov and co-workers®? prepared proton-
conducting membranes through the modification of mesoporous
silica colloidal membranes with polymer brushes®* exhibiting
different degrees of sulfonation thus providing proton conduc-
tivity. In this interesting approach, the assembled colloidal
scaffold not only provides mechanical and structural stability
but also defines the network of interconnected mesopores.
Colloidal membranes modified with copolymer brushes of
3-sulfopropylmethacrylate (SPM) and 2-ethoxy-ethylmethacrylate
(EEMA) exhibited a sigmoidal dependence of the proton con-
ductivity on the content of sulfonic acid groups. In particular,
proton conductivity of the polymer brush-modified membrane
does not increase significantly after reaching ca. 75% sulfonic
acid group content. This behavior has been interpreted consid-
ering that the ion-rich clusters become interconnected when
sulfonic acid groups constitute 50-60% of the monomer units,
leading to a sharp increase in proton conductivity. Proton
conductivity measured for colloidal membranes modified with

(A)

Control membrane

2 Proton

Proton Transfer

0.021

(B)

0.018 -

View Article Online

Chem Soc Rev

pure SPM brushes was 10.7 mS cm ', this being a value
comparable to that of Nafion. Noteworthy, fuel cell performance
decreased after increasing the content of sulfonic acid groups in
the copolymer brushes beyond 65-70%. This observation has
been ascribed to the influence of the sulfonic acid group content
on the methanol permeability of the membranes which in turn
affects the performance of the direct methanol fuel cell.

On the other hand, the formation of composites integrating
halloysite nanotubes (HNTs) modified with poly(sodium
styrenesulfonate) brushes (SHNTSs) into chitosan (CS) matrices
has been proposed as a plausible strategy to fabricate hybrid
membranes exhibiting enhanced proton conduction properties
(Fig. 4A).>° In these systems, the strong electrostatic interac-
tions between the anionic nanotubes and the cationic polymer
matrix enhances the thermal and mechanical stability of mem-
branes while, at the same time, the high aspect ratio of the
nanotubes decorated with polyanionic brushes facilitates the
formation of continuous pathways for proton hoping, thus
conferring enhanced proton transfer properties to the nano-
composite. Fig. 4B shows the differences between chitosan
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(A) Schematic depiction of the nano/microstructure of CS/SHNT-X nanohybrid membranes. (B) Proton conductivity as a function of the nanofiller

content (HNT-X and SHNT-X) measured at 25 °C and 100% RH. (C) Temperature-dependent conductivity of CS control and nanohybrid membranes at
100% RH. The nanomembranes are designated as CS/HNT-X or CS/SHNT-X representing HNTs or SHNTSs as the nanofillers, where X (X = 3, 6, 9, 12, or 15)
represents the weight percentage of nanotubes to CS. Reproduced with permission from Bai et al., J. Membr. Sci., 2014, 454, 220. Copyright 2014

Elsevier B.V.
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membranes loaded with unmodified HNTs and SHNTSs.
Increasing the HNT content from 3% to 15% leads to decrease
in proton conductivity from 0.0104 to 0.0076 S cm . This
observation has been ascribed to a decrease in water uptake
(decrease in proton carriers and H-networks) and a decrease in
the ion exchange capacity (reduction of proton-hopping sites).
On the contrary, the incorporation of SHNTs results in a
significant increase in proton conductivity; e.g.: 26.5% proton
conductivity enhancement is achieved when loading 3% SHNTSs
into the CS membrane. These unique proton transport proper-
ties stemming from the integration of polymer brushes on the
HNTs have been attributed a combination of factors. These
include: (a) the formation of sulfonic acid-amide acid-base
pairs that create low-barrier proton-hopping sites, (b) the high
aspect ratio of nanotubes that creates long-range uninterrupted
pathways for proton transport, and (c) the insertion of long
polyelectrolyte brushes into the CS matrix to increase the popu-
lation of proton exchange sites. Fig. 4C shows the temperature-
dependent conductivity curves of nanohybrid membranes
under 100% RH. It is observed that CS/SHNT-X nanomem-
branes display much higher activation energy (E,) values (ran-
ging 0.127-0.138 eV) as compared to CS control membranes.
The enhancement in proton conductivity accompanied with an
increase in E, strongly suggests that the proton transfer mecha-
nism in the CS matrix is altered upon incorporation of the
nanotubes modified with the sulfonated polymer brushes.

An analogue strategy based on brush/titanate nanotube
composites was adopted for constructing proton conducting
platforms with good proton conductivity properties even under
low humidity conditions.>® Electrochemical impedance spectro-
scopy measurements performed at 60 °C of composite mem-
branes constituted of titanate nanotubes functionalized with
PAMPS brushes revealed that proton conductivity responds
markedly to changes in relative humidity from 0 to 30%. Proton
conductivity increased from 1.28 x 10 % t0 5.21 x 10 *Sem™*
with increasing relative humidity from 0 to 30% and remained
constant under higher humidity levels. It is interesting to note
that a comparison of proton conductivities under the same
conditions for PAMPS brushes-titanate nanotubes composites,
pristine PAMPS polymer samples and a physical mixture of
PAMPS polymer and titanate nanotubes clearly indicates that
the higher conductivity values are obtained when PAMPS
chains are covalently grafted on the nanomaterial. Hence, as
already discussed above, these results might reinforce the idea
that proton conductivity is strongly influenced by the charac-
teristics of the polymer-TiO, interface. In this sense, the
covalent formation of PAMPS brushes on the titanate nano-
tubes promotes the intimate contact between the polymeric and
inorganic counterparts with the concomitant favorable effect
on the proton conductivity. At the same time, the strong
confinement of the densely grafted hydrophilic PAMPS chains
favors the retention of water, decreases the stringent humidity
requirements and shifts to less demanding conditions for
proton transport. As expected, the grafting density and the
molecular weight of grafted PAMPS brushes have strong effects
on the proton conductivity of the nanoarchitectured composite.
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An increase in grafting density promotes an increase in proton
conductivity due to a decrease in the proton hopping distance
between sulfonic acid groups in neighboring polyelectrolyte
chains. However, further increase in the grafting density pro-
motes conformational constraints in the polyelectrolyte chains;
and the decreased flexibility of the macromolecular environ-
ment increases the resistance to proton transport. Similarly, the
effect of the molecular weight of the grafted PAMPS chains on
the proton conductivity also exhibits a non-monotonic behav-
ior. Proton conductivity initially increases and then decreases
upon increasing the molecular weight of the grafted polyelectro-
Iyte chains due to conformational constraints imposed by the
increasing chain length that ultimately hamper the proton
hopping within the polymer brush.”’

Under a different design approach, Yameen and co-workers®®
put forward the use of SiO, nanoparticles functionalized
with poly(monomethoxy oligoethylene glycol methacrylate)
(PMeOEGMA) brushes as humidifying nano-additives for the
construction of nanocomposite Nafion membranes (Fig. 5A).
In this strategy, SiO, nanoparticles are first modified with
(PMeOEGMA) brushes through surface initiated atom transfer
radical polymerization (SI-ATRP) and then dispersed in a Nafion
solution prior to forming the nanocomposite membrane via
solution casting. Electrochemical impedance characterization
revealed that simple addition of 1 wt% PMeOEGMA brushes-
SiO, NP nanocomposites to Nafion membranes is enough to
promote significant performance improvement. For instance, the
nanocomposite Nafion membrane with 1 wt% of PMeOEGMA
brushes-SiO, NP nano-additive underwent an increase in proton
conductivity by one order of magnitude at 20% RH and 25 °C.
These authors showed that even under increasing tempera-
ture conditions the proton conductivity of membranes con-
taining the nano-additives was higher than that of Nafion. By
way of example, at a working temperature of 55 °C, the proton
conductivity of nano-additive-Nafion composite membranes
under 20% RH was ~5.7 times higher than that of Nafion
(Fig. 5B).

Concurrently, inspired by the water storage mechanisms in
plant cells, Zhang et al.>® proposed the use of hollow polymer
microspheres bearing sulfonated polymer brushes as nano-
additives to improve the performance of sulfonated poly(ether
ether ketone) (SPEEK) proton conducting membranes. The
colloidal building blocks were synthesized through SI-ATRP of
styrene from SiO,@poly(methacrylic acid-co-divinylbenzene-co-
chloromethyl styrene) core-shell microspheres. The hollow
microspheres grafted with sulfonated polystyrene brushes were
obtained by sulfonation of the polystyrene brushes, and sub-
sequent removal of the silica core using HF. The hybrid
membranes were fabricated by solution casting of a dispersion
containing SPEEK and the hollow microspheres in dimethyl-
formamide (DMF). Physical and electrochemical characteriza-
tions of pristine and hybrid membranes indicated that water
retention, methanol resistance and proton conductivity were
increased by incorporation of the polymer microspheres in the
SPEEK membrane in the loading range from 2.5 to 15 wt%. For
example, the integration of the microspheres (15 wt%) into the

This journal is © The Royal Society of Chemistry 2019
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SPEEK membrane resulted in an increase in proton conductivity
from 0.18 S cm ™" to 0.33 S em™ " when measured at 75 °C and
100% RH. The marked improvement in the performance of the
hybrid SPEEK membranes can be interpreted in terms of the
functional capability of the hydrophilic microspheres to act not
only as water reservoirs located within the membrane environ-
ment but also as a highly accessible source of sulfonate groups,
thus providing additional proton hopping sites for efficient
proton conduction.

As an alternative, the materials science community began to
explore the use of carbonaceous nanomaterials functionalized
with polymer brushes as building blocks for the fabrication of
proton conducting membranes. In this context, several authors
showed that the incorporation of carbon nanomaterials, such
as carbon nanotubes or graphene, in the polymer matrix can
prompt notable and positive effects on the ion conductivity,

This journal is © The Royal Society of Chemistry 2019

mechanical strength, and dimensional stability of proton con-
ducting membranes.

Seminal work by Jiang and co-workers®® demonstrated that
the construction of tunable ion-conducting nanochannels via
direct assembly of graphene oxide (GO) sheets functionalized
with cross-linked polyelectrolyte brushes is feasible. Their
investigations involved the use GO/poly(vinylphosphonic acid-
co-ethyleneglycol dimethacrylate) (GO-poly(VPA-co-EGDMA))
core-shell nanosheets prepared by surface-initiated precipita-
tion polymerization.

This approach enabled the formation of organized nano-
channels with interconnected hydrogen-bonded networks
resulting in proton conductivities up to 32 mS cm™ ! at 51% RH.
It is hypothesized that this high proton conductivity is mainly due
to the efficient organization of proton carriers across the
membrane leading to long-range ionic nanochannels (Fig. 6A).
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The performance of these membranes is comparable to Nafion
not only in terms of proton conductivity (Fig. 6B and C), but
also in terms of methanol permeability. The in-plane orienta-
tion of GO nanosheets, which are impermeable to methanol,
together with the surface-grafted polymer networks configure a
local environment that is unfavorable for methanol diffusion.
Permeability measurements using 2 M methanol indicated that
methanol permeability values for GO/poly(phosphonic acid)
nanomembranes and Nafion 117 were 4.3 x 107 and 1.6 x
107% em” s, respectively.

This concept was further extended by Ahmadian-Alam
et al.®* to the preparation of super-acidic polymer/GO hybrid
nanosheets through the formation of sulfonated poly(urea-co-
urethane) brushes on the GO surface. Electrochemical impedance
spectroscopy measurements performed at room temperature
indicated that anhydrous proton conductivity in these hybrid
nanomembranes may be as high as 3.7 mS cm ™.

Zhao et al.®* proposed the use graphene oxide functionalized
with sulfonic acid-containing polymer brushes (SP-GO) as nano-
fillers incorporated into sulfonated poly(ether ether ketone)
(SPEEK) matrices with the aim of fabricating composite mem-
branes with enhanced proton conducting properties (Fig. 7). The
sulfonic brush functionalization of the GO sheets promotes the
dispersion of the nanomaterials into the SPEEK polymeric
matrix and facilitates the generation of inter-connected ionic
pathways through the exposed sulfonic acid groups on the GO
surface. The proton transfer channels mainly operate along the
SPEEK/SP-GO interface, thereby lowering the proton transfer
activation energy and enhancing the proton conductivities of

822 | Chem. Soc. Rev., 2019, 48, 814-849

the nanocomposite membranes. Pristine SPEEK membranes
exhibit conductivity values close to 0.015 S cm " at 25 °C and
100% RH, whereas the addition of 2.5 wt% SP-GO to the SPEEK
matrix leads to a proton conductivity of 0.0215 S cm ™. Proton
conductivities can be further enhanced by increasing the length
of the grafted chains on the GO surface. As a matter of fact, the
use of sulfonated brushes with longer polymer chains led to a
178% increase in anhydrous proton conductivity compared
with pristine SPEEK membranes. The reason of this marked
conductivity improvement has been ascribed to a combination
of factors that include the high aspect ratio of the GO sheets
that facilitates the interconnection between ionic clusters, the
increased water uptake providing additional proton carriers,
and the sulfonated brushes that provide additional pathways
for proton conduction.

Recently, this approach was also extended to the use sulfonated
poly(arylene ether sulfone) and perfluorosulfonic acid composite
membranes containing perfluoropolyether-functionalized GO
sheets resulting in proton exchange membranes with improved
properties.®® Wang et al.®* demonstrated that use of acid-base
block copolymer brushes constituted of dimethyl vinylphospho-
nate (DMVP) and vinyl imidazole (VI) blocks grafted on gra-
phene oxide can enhance the proton conduction of SPEEK and
chitosan matrices. It was found that the strong electrostatic
interactions among the building blocks and the matrix yields
long-range interfacial networks that, in turn, lead to a marked
enhancement in proton conduction.

The incorporation of graphene oxide modified with
polymer brushes constituted of sulfopropyl methacrylate and

This journal is © The Royal Society of Chemistry 2019
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poly(ethylene glycol) methyl ether methacrylate (GO-poly(SPM-
co-PEGMEMA)) in a Nafion matrix also resulted in an enhance-
ment of the proton conductivity (Fig. 84).° In these composites
the sulfonic moieties in the polymer brushes promote the
generation of efficient pathways for proton conduction at the
Nafion-GO interface and provide additional proton binding sites
to facilitate the proton hopping through the matrix (Fig. 8B). At
the same time, the hygroscopic PEGylated segments increase the
water retention properties of the membrane, thereby improving
the proton conduction properties at low humidity. With 1 wt%
GO-poly(SPM-co-PEGMEMA) loading, the composite Nafion
membrane exhibited an increase in proton conductivity by one
order of magnitude compared to pristine Nafion, whereas the
peak power density increased by 135.5% (Fig. 8C). These results
illustrate the great potential of these systems for fuel cell
applications.

More recently, Rao and co-workers®® explored the applica-
tion of polymer brushes in the synthesis of proton conducting
hybrids with strong bonds generated through covalent cross-
linking. The authors showed that with the aid of functional
polysiloxane brushes grafted on GO sheets, the cross-linking
density of the nanocomposite sulfonated polysulfone (SPSU)
membrane can be manipulated by simply controlling the
amount of polymer brush-GO hybrids incorporated into the
membrane. The presence of the polysiloxane brushes reduces
the aggregation of the inorganic filler into the polymer matrix
and improves the interfacial interactions between polymer and
inorganic counterparts with the concomitant positive effects on
methanol permeability and proton conductivity. These cross-
linked hybrid membranes display conductivity values up to
0.462 S cm ™' at 90 °C under hydrated conditions together with
low methanol permeability characteristics (1.71 x 10 ° em®s™*
at 30 °C). The use of carbonaceous nanomaterials modified
with functional polymer brushes as nanofillers in proton con-
ducting membranes has not been exclusively circumscribed to

This journal is © The Royal Society of Chemistry 2019

the use of graphene. Similar conceptual approaches have been
explored using polymer brush-carbon nanotube hybrids as
building blocks in composite membranes resulting in nano-
architectured systems displaying excellent water-retention pro-
perties and enhanced proton conductivities.®”

Composite polymer electrolytes for
lithium batteries

Polymer electrolytes (PEs) are playing an increasingly important
role in most energy storage/conversion devices, and particularly
in lithium-ion batteries.®® The electrolyte is a key component of
the battery with a strong influence on the cell capacity, the
operation conditions and the cyclability.®® Even though liquid
electrolytes exhibit high ionic conductivities, serious safety
issues associated with the leakage of electrolytes and the
exposure to lithium metal electrodes have hampered the wide-
spread use of lithium-ion batteries based on liquid electrolytes.
Within this framework, polymer electrolytes’® emerged as a
plausible alternative to liquid electrolytes due to some interest-
ing advantages that include good resistance to volume changes
during the charge/discharge process, design flexibility, better
processability and, which is more important, improved safety
characteristics. In a seminal work, Sato and his collaborators”*
introduced an innovative idea for fabricating leak- and vapor-
free, solid electrolytes displaying highly ion-conductive network
channels. Their strategy was based on the three-dimensional
assembly of silica particles modified with ionic liquid-type
polymer brushes (Fig. 9A-C).

In these 3D nanoarchitectures, polymer brushes give rise to
domains that are continuously connected forming network
channels responsible for the ionic conduction. Integration of
this polymer electrolyte hybrid nanoarchitecture into a bipolar
lithium-ion rechargeable battery (Fig. 9D) led to a unit cell
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Interfaces, 2017, 9, 27676. Copyright 2017 American Chemical Society.

exhibiting a discharge specific capacity and Coulombic effi-
ciency of 2.3 mA h and 95%, respectively, at the fifth charge and
discharge operation cycle. The Coulombic efficiency after
50 cycles was 98% (Fig. 9E). The same group further extended
this concept to the modification of silica particles with other ionic
liquid-like polymer brush, N,N-diethyl-N-(2-methacryloylethyl)-
N-methylammonium bis(trifluoromethylsulfonyl)imide (DEMM-
TFSI).”* Interestingly, these authors observed a correlation
between the chain length, i.e.: molecular weight, of the grafted
polymer brush and the ionic conductivity. Composite films
made from crystal-like hybrid polymer brush/silica particles
having long polymer brushes do not exhibit high ionic conduc-
tivity properties due to the entanglement of the polymer chains,
thus precluding the formation of effective ion-conducting paths
in the matrix. However, on the other hand, 3D hybrids decorated
with relatively short polymer brushes displayed high ionic con-
ductivity values resulting from the formation of an optimum 3D
conductive path in the hybrid polymer-silica matrix.

Applying a similar approach, Wang et al.”® modified SiO,
particles with poly(p-vinylbenzyl) trimethylammonium tetra-
fluoroborate (P[VBTMA][BF4]) brushes with the aim of creating
core-shell structured nanocomposite solid-state polyelectro-
lytes using nanosilica as rigid scaffolds. Systematic studies

824 | Chem. Soc. Rev., 2019, 48, 814-849

were undertaken in order to establish the optimum composition
of the solid-state nanocomposite. In this way, electrochemical
impedance measurements confirmed that SiO,-(P[VBTMA][BF4])
nanocomposites with a polymer brush content of 47% exhibited
the highest ionic conductivity values at room temperature,
104 mS em ™.

It is noteworthy that SiO,~-P[VBTMA][BF4] nanocomposites
with different contents of PP[VBTMA][BF4] brushes display higher
ionic conductivity than the pure polymer (P[VBTMA]BF4],
18.6 pS cm™ '), even though the conductivity decreases upon
increasing the polymer brush content above 47%. These results
have been interpreted in terms of the highly conductive layer
formed at the polymer-silica interface. As the P[VBTMA][BF4]
brush grows up on the silica surface, the population of ionic
carriers increases, the ionic channels become wider and the
ionic conductivity increases. However, after certain polymeriza-
tion time, further polymer brush growth leads to a decrease in
the fraction of the highly conductive layer with the concomitant
decrease in the ionic conductivity of the SiO,-P[VBTMA][BF4]
nanocomposite.

In a similar vein, Liu and coworkers proposed the construc-
tion of composite polymer electrolytes for lithium batteries
through the modification of silica particles with copolymer

This journal is © The Royal Society of Chemistry 2019
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brushes (Fig. 10A).”* In principle, the integration of anionic
groups into the polymer brush backbone would help limit the
anion mobility, thus prompting an increase in the lithium
transference number. However, composite nanoparticles grafted
by poly(lithium 4-styrenesulfonate) brushes only exhibited
moderate conductivity values. This observation was ascribed
to the entrapment of the lithium ions inside the dense poly-
electrolyte brushes that, in turn, limits the overall ionic con-
ductivity. On the other hand, composite polymer electrolyte
constituted of poly(ethylene oxide)methacrylate-co-poly(styrene
sulfonate) copolymer brushes equipped with long poly(ethylene
oxide) (PEO) side chains led to a marked increase in conduc-
tivity (~107® S em ™) (Fig. 10B). According to Schaefer et al.”®
tethered PEG chains can facilitate the dissociation between
lithium cations and sulfonate groups, thus explaining the
improvement in conductivity when PEO chains are incorpo-
rated in the anionic polymer brushes.

Within this framework, the assembly of PEG brushes on
mesoporous silica particles has been devised as a plausible
route for developing nanohybrid solid polymer electrolytes.”®
The proposed route relied on the dual functionalization of the
mesoporous framework with (2-[(trifluoromethanesulfonyl-
imido)-N-4-sulfonylphenyl]ethyl)trimethoxysilane (TMS-TFSISPE)
and [methoxy(polyethyleneoxy)propyl] trimethoxysilane (TMS-PEO).
This functionalization promotes the weak coordination and the
solvation of Li* ions by the anionic sulfo-imide groups and
the PEG chains, respectively. The presence of PEO brushes on
the silica surface facilitates the dispersion of the mesoporous
silica nanoparticles into the polymer PEO matrix. The flexibility

This journal is © The Royal Society of Chemistry 2019

of the PEO chains plays a determinant role in the ion conduc-
tion properties of the polymer matrix provided that the inher-
ent crystallinity of PEO segments has a deleterious effect on
long-range ion transport. For this reason, the inclusion of the
mesoporous silica nanoparticles co-grafted with PEG brushes
into the PEO polymer matrix has been employed as a strategy
for preventing PEO chains from crystallization, thereby promot-
ing an enhancement of the ionic conductivity. In fact, the
formation of crystalline domains is fully suppressed by simply
adding 1 wt% PEG-modified silica particles to the PEO matrix.
The incorporation of the hybrid silica particles into the PEO
matrix not only confers exceptional ionic conductivity proper-
ties but also improves the mechanical properties of the solid
polymer electrolyte. The ionic conductivity of nanohybrid
electrolytes containing 30 wt% brush-coated particles was
1073 S em ' at 25 °C, whereas under similar conditions, the
ionic conductivity of the same PEO matrix in the absence of
nanoparticle additives was ~2 x 107> S ecm™'. This strong
conductivity enhancement (two orders of magnitude) has been
attributed to the large amount of lithium charge carriers
provided by the TFSISPE groups hosted in the inner meso-
porous environment of the silica particles and the presence of
PEG brushes that favor the solvation and displacement of Li"
ions across multiple sites in the hybrid matrix.

Another interesting strategy to create composite polymer
electrolytes for lithium batteries relies on the use of graphene
sheets modified with polymer brushes. Shim et al.”” demon-
strated that a series of conducting nanocomposites can be
readily prepared by combining an organic/inorganic hybrid
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branched-graft copolymer (BCP) and graphene oxide modified
with poly(ethylene glycol) brushes (PGO) as the polymer matrix
and the filler material, respectively. In this case, the hybrid
branched-graft copolymer was constituted of poly(ethylene glycol)
methyl ether methacrylate (PEGMA) and 3-(3,5,7,9,11,13,15-
heptaisobutylpentacyclo-[9.5.1.13,9.15,15.17,13]octasiloxane-1-yl)-
propyl methacrylate (MA-POSS). Electrochemical characterization
performed at 30 °C revealed that the ionic conductivity of the
composite polymer electrolyte containing 0.2 wt% of PGO was
one order of magnitude higher than that of BCP (2.1 x 10~ * and
1.1 x 107> S em ™, respectively). The improvement in the ionic
conductivity has been ascribed to the Lewis acid-base interaction
between the PGO and the lithium salt, resulting in a larger
amount of lithium salt that can be dissociated in the composite
polymer matrix. Noteworthy, the incorporation of graphene oxide
modified with poly(ethylene glycol) brushes not only increases
the ionic conductivity but also improves the thermal and
mechanical stability of the composite polymer electrolytes.
Performance evaluation of lithium-ion batteries showed that
the electrochemical systems equipped with composite polymer
electrolytes containing 0.2 wt% of PGO resulted in better
cycling performance as compared with pristine BCP polymer
matrix, owing to the lithium-conducting pathways provided by
the PGO building blocks.
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Along similar lines, Ye et al.”® demonstrated that the lithium
salt dissociation, the content of amorphous phase and the
segmental mobility in solid state polymer electrolytes can be
significantly improved by employing graphene functionalized
with ionic liquid-like polymer brushes (PIL(TFSI)-FG) as nano-
fillers incorporated in PEO/Li" polymer electrolytes. These
authors showed that the addition of PIL(TFSI)-FG in PEO/Li"
matrices favors the dissociation of the lithium salt and sup-
press the formation of crystallized PEO domains. Indeed, the
incorporation of graphene functionalized with polymer brushes
results in a significant increase in Li ion conductivity of PEO/Li"
systems by >2 orders of magnitude and ~ 20-fold at 30 °C and
60 °C, respectively. In this regard, differential scanning calori-
metry characterization confirmed that PEO/Li'/PIL(TFSI)-FG-
brush composites exhibited higher segmental mobility suggesting
that the addition polymer brush-functionalized graphene plays a
key role in facilitating the movement of chains and creating a
dynamic, disordered polymeric environment that ultimately leads
to an increase in conductivity. It is evident that this improvement
in ionic conductivity has concomitant effects on the battery
performance. As a matter of fact, the discharge capacity of a
Li/PEO-Li"/LiFePO, cell measured at 0.1C and 60 °C during
cycling shows a significant improvement from 120 to 156 mA h g™ *
after adding 0.6 wt% of polymer brush-FG to the PEO-Li" polymer
electrolyte.

The experimental results discussed in this section suggest
that polymer brushes can play a decisive role in defining the
structural, morphological and functional properties of compo-
site polymer electrolytes and, concomitantly, lead to new ways
of improving the electrochemical performance of lithium-ion
batteries.

High-capacity anodes for lithium-ion
batteries

One of the most urgent challenges in materials science is the
development of new lithium-ion batteries exhibiting enhanced
capacity and cycling stability.”® The main strategy to reach that
goal is to design hybrid anode materials equipped with dual
capabilities: (i) ample availability of active sites, and (ii) structural
adaptability to volume changes during the charging/discharging
process.®® In this context, graphene sheets with high conductivity,
excellent mechanical flexibility and ultra-high specific surface
area is generally considered as an excellent candidate for enduring
the strain caused by volume changes.®’ At the same time, the
assembly of graphene sheets also provides conducting networks
that help in boosting the electrochemical performance of the
electrode.®” In particular, the use of graphene paper®® prepared by
vacuum filtration-induced directional flow assembly is gaining
acceptance as a promising substitute for the traditional graphite
anode of lithium-ion battery. However, one of the limitations of
graphene paper is the low discharge capacity arising from the
compact layered structure of the nanostructured system that
introduces a kinetic barrier to diffusion of Li ions in and out the
anode during the charge-discharge process.

This journal is © The Royal Society of Chemistry 2019
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In this regard, it has been shown that polycaprolactone (PCL)
brushes grafted onto graphene sheets confer strength and flexi-
bility to the graphene paper.®* Physical characterization revealed
that graphene paper made of PCL-graphene hybrids is 5-fold
stronger than paper made of unmodified graphene. In addition,
the stabilized discharge capacity of PCL-modified graphene paper
is 2.7 times higher than that of an anode made of unmodified
graphene paper. These results can be understood if we consider
that PCL brushes not only increase the interlayer spacing of the
graphene papers but also introduce additional oxygen atoms
along the grafted polymer chains, which can interact with
incoming Li ions. Or, in other words, PCL brushes provide more
active site for Li ions to be hosted in the graphene anode with the
concomitant improvement in the anode performance.

Organic radical batteries

There is currently great interest in broadening the horizons of
organic radical batteries (ORBs).*® Contrary to other electro-
chemical energy-storage devices, ORBs do not rely on the use of
metals, thus lessening the environmental impact of their
production. Their operation is based on stable organic radicals
displaying an unpaired electron in the ground state. One of the
attractive features of these systems is the fact that organic
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radicals undergo simple redox reactions by only requiring the
transfer of a single electron per active site without involving
intercalation processes or significant structural changes, as is
the case of Li-ion batteries.®® As a result, ORBs exhibit superior
redox kinetics with high electron-transfer rates that, in turn,
translates into high charging and discharging currents and,
hence, high power densities.®”

One of the first attempts to optimize the operation of ORBs
through the integration of polymer brushes was reported by Lin
et al.®® These authors developed nitroxide polymer brushes
grafted on silica nanoparticles as binder-free cathodes for ORBs
(Fig. 11A). These polymer brushes (PTMA) were constituted of a
methacrylate backbone bearing 2,2,6,6-tetramethylpiperidin-1-
oxyl-4-yl (TEMPO) groups. TEMPO is a very stable radical that is
oxidized to an oxoammonium cation when charging, and the
oxoammonium cation is then reduced to a nitroxide radical
upon discharging (Fig. 11B).®° One of the appealing aspects of
using polymers brushes grafted on silica particles is that this
strategy prevents the electroactive polymer from dissolving into
the electrolyte (Fig. 11A), which significantly improves the cycle-
life performance of the batteries. In this sense, electrochemical
characterization (Fig. 11C) showed that the discharge capacity of
the polymer brushes was 84.9-111.1 mA h g~ " and the electrodes
modified with PTMA brushes had a very good cycle-life perfor-
mance of 96.3% retention after 300 cycles.
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Fig. 11 (A) Nitroxide polymer brushes grafted onto silica nanoparticles as cathodes for organic radical batteries (B) cyclic voltammogram for the

PTMA brush/silica nanoparticles (40 nm) composite electrodes in 1.0 M LiClOy4 in ethylene carbonate (EC)/diethyl carbonate (DEC) (= 1:1, v/v) at a scan
rate of 0.1 mV st at 25 °C. The inset shows a TEM micrograph for the PTMA brush/silica nanoparticles with a particle size of 400 nm (scale bar = 200 nm).
(C) Discharge curves of the PTMA brush/silica nanoparticles (40 nm) composite cathodes in 1.0 M LiClOy, in ethylene carbonate (EC)/diethyl carbonate
(DEC) (=1, v/v) at (a) 10, (b) 30, and (c) 50 C at 25 °C. Reproduced with permission from Lin et al., J. Power Sources, 2011, 196, 8098. Copyright 2011
Elsevier B.V.
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Some studies have shown that the thickness of the nitroxide
polymer brush has a major influence on the electrochemical
properties of the macromolecular assembly.”® In the case of the
oxidation of poly(2,2,6,6-tetramethylpiperidin-4-yl methacrylate)
(PTMPM) to PTMA brushes, cyclic voltammetry and impedance
spectroscopy indicate that thick brushes (4 > 55 nm) are not
sufficiently oxidized even after 10 min oxidation time. Further-
more, cyclic voltammetry reveals that when the brushes are thicker
than 55 nm, the separation of peak potentials (AE,) increases,
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functionalized
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and the current density is no longer directly proportional to the
brush thickness. In a similar vein, electrochemical and X-ray
photoelectron spectroscopy also confirmed that prolonged
oxidation times promote the over-oxidation of the polymer
brush with a concomitant decrease in the energy capacity.

Lee and co-workers proposed the fabrication of electrodes
for organic radical batteries using three-dimensionally ordered
macroporous polypyrrole architectures modified with polymer
brushes (Fig. 12A).°" The electrodes were ingeniously fabricated
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Fig. 12 (A) Schematic illustration describing the construction of the PPy/PTMA brush inverse opal electrode. Scanning electron microscope images

displaying the cross section view of PPy/PTMA brush inverse opal electrodes with thicknesses of (B) 3.5 um and (C) 13.8 um. Scale bar: 1 um. (D) Cyclic
voltammograms corresponding to a planar PPy/PTMA brush thin-film electrode (dashed line) and a nanoarchitectured PPy/PTMA brush electrode (solid
line). Scan rate: 0.1 mV s~%. (E) Discharge curves corresponding to a planar PPy/PTMA brush thin-film electrode (dash-dotted line) and PPy/PTMA brush
inverse opal electrodes with thicknesses of 3.5 um (dashed line) and 13.8 pm (solid line). Adapted and reproduced with permission from Lin et al,
Macromol. Rapid Commun., 2012, 33, 107-113. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.
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by polystyrene colloidal crystal templating followed by sequential
electropolymerization of polypyrrole (PPy) and an initiator-
functionalized PPy layer for further SI-ATRP. Subsequent poly-
merization in the presence of (2,2,6,6-tetramethylpiperidin-4-yl
methacrylate) resulted in the formation of nanoarchitectured
PPy inverse opals bearing PTMPM brushes (Fig. 12B). Electro-
chemical tests demonstrated that the performance of the archi-
tectured macroporous electrodes bearing polymer brushes was
superior to the performance of planar PTMA brush electrodes.
The voltammetric current is higher in the case of the macro-
porous electrode due to the greater effective area exposing PTMA
brushes (Fig. 12C). The discharge capacity of the planar PTMA
brush electrode at a discharge rate of 5C was 0.17 pA h cm™>
whereas for macroporous PTMA brush electrodes with thick-
nesses of 3.5 and 13.8 um was 1.37 and 6.79 pA h cm 2
respectively (Fig. 12D). The boost in discharge capacity upon
increasing the thickness of the opal structure can be interpreted
in terms of the significant increment in effective surface area. As
a whole, this strategy based on the integration PTMPM/PTMA
brushes on conductive micro/nanoarchitectured scaffolds seems
to offer an interesting alternative to conventional planar brushes
in order to improve the energy density and power density of
organic radical batteries.

TEMPO-bearing polymer brushes can be also assembled on
electrode surfaces via a ‘“grafting-to” approach using block
copolymers of 2,2,6,6-tetramethyl-4-piperidyl methacrylate (PMA)
and reactive glycidyl methacrylate (GMA) (Fig. 13A).°> The block
copolymer, PGMA-b-PPMA, can be immobilized on ITO substrates
by simply dip-coating in a copolymer solution and subsequent
annealing resulting in smooth polymer films (Fig. 13B). These
brush layers are then efficiently converted to TEMPO-bearing
polymer brushes showing excellent reversible redox cycling at
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0.81 Vvs. Ag/AgCl. Interestingly, TEMPO-bearing polymer brushes
“grafted-to” the ITO surface exhibited sufficient charge diffusivity
(107"° em? s7), very large storage capacity (120 mC cm ?) and a
linear dependence between the capacity and the thickness of the
copolymer layer (Fig. 13C).

Another strategy to optimize the construction of ORBs relies
on the grafting of nitroxide-bearing polymer brushes on multi-
walled carbon nanotubes (MWCNTs). Gohy and co-workers®®
demonstrated that well-defined electroactive brush-CNT
composites can be prepared through SI-ATRP of 2,2,6,6-tetra-
methylpiperidin-4-yl methacrylate (TMPM) brushes from
initiator-modified MWCNTs and their subsequent oxidation
into poly(2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl methacrylate)
(PTMA). This synthetic procedure led to MWCNT-g-PTMA com-
posites displaying core-shell morphology. Electrochemical char-
acterization of these composite electrodes revealed good cycling
stability, involving 87% of capacity retention after 200 cycles, and
remarkable specific capacity (85% of the theoretical capacity).

This composite material was then employed by the same
research group in lithium battery applications.”* One of the
advantages of MWCNT-g-PTMA hybrids (Fig. 14A) is the con-
trolled integration of the PTMA polymer chains onto the
MWCNTs that ultimately leads to an intimate contact between
the redox building blocks and the conductive network. The
performance of the MWCNT-g-PTMA-based electrodes was
evaluated through electrochemical characterizations in a half-
cell configuration vs. Li/Li* (Fig. 14B). Galvanostatic measure-
ments indicated excellent capacity (85% of the theoretical
capacity) as well as good cycling stability (>80% retention of
the initial capacity after 150 cycles) (Fig. 14C). Interestingly,
additional measurements also demonstrated that MWCNT-g-
PTMA hybrids can sustain high charge/discharge rate capabilities
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Fig. 13 (A) "Grafting-to” strategy leading to the formation of surface-grafted PGMA-b-PPMA films on ITO substrates. (B) Atomic force microscopy
image of a PGMA-b-PPMA film grafted onto an ITO substrate. (C) Electrochemical capacity as a function of the thickness of the grafted PGMA-b-PTMA
layer. Reproduced with permission from Takahashi et al., Polymer, 2015, 68, 310-314. Copyright 2015 Elsevier B.V.
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as compared to classical transition metal oxides for Li-ion
batteries.”

A similar concept was further extended to the functionali-
zation of graphene sheets with PTMA brushes (G-g-PTMA) via
SI-ATRP and its subsequent use in electrochemical energy-
storage devices.”® Composite cathodes constituted of G-g-PTMA
and reduced graphene oxide (RGO) as active material and
conductive additive, respectively, exhibited high specific capacity
up to 466 mA h g~ ". It is worth noting that this value based on
the nominal mass of PTMA in the composite is higher than the
theoretical capacity of PTMA. This remarkable electrochemical
performance has been ascribed to the fast redox reaction of
G-g-PTMA and surface faradaic reaction of RGO promoted
by G-g-PTMA. In this scenario G-g-PTMA hybrids would play
a dual role, as functional units providing redox reaction of
PTMA and as structural units facilitating the surface faradaic

830 | Chem. Soc. Rev., 2019, 48, 814-849

reaction-based lithium storage of RGO. Regarding this latter,
we should bear in mind that access to active groups on the
graphene surface by ions is crucial to maximize the lithium
storage capabilities. In this context, the grafted polymer chains
play a key structural role by hindering the restacking of the
graphene sheets and allowing the exposure of graphene surface
groups to the surrounding electrolyte. Cyclic voltammograms of
G-g-PTMA/RGO composite electrodes display reversible redox peaks
at ~3.6 V (vs. Li/Li") corresponding to the redox switching between
PTMA nitroxyl radicals and oxoammonium cations. The overlap
between subsequent voltammetric scans indicates no appreciable
loss of PTMA during the charging/discharging cycles (Fig. 15a). In
addition to the voltammetric peaks, a nearly rectangular voltam-
metric shape was observed in the electrochemical response of
G-g-PTMA/RGO electrode compared to those of G-g-PTMA and
RGO electrodes (Fig. 15b). This pseudocapacitive behavior

This journal is © The Royal Society of Chemistry 2019
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stems from the Faradaic reactions of surface oxygen-rich func-
tional groups of RGO and lithium ions. According to these
authors, the energy storage mechanism might be associated to
a charge process consisting of the oxidation of nitroxide
radicals to oxoammonium cations with a concomitant release
of lithium ions from RGO, and a discharge process involving
the reduction of oxoammonium cations to nitroxide radicals
and the uptake of lithium ions by RGO (Fig. 15c).

Oxygen reduction and evolution
reactions

Rechargeable metal-air batteries (MAB) have gained increasing
visibility in the past years due to their high energy densities
with their concomitant application in electric vehicles.”” Electro-
chemical systems based on MABs possess theoretical energy
densities higher than those of lithium-ion batteries; however,
in most of cases MABs exhibit relatively low performances and
poor long-term stability due to the lack of efficient air electro-
catalysts. One of the key aspects to improve the performance
and capabilities of rechargeable metal-air batteries is to find

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 (a) Cyclic voltammograms (three initial scans) of G-g-PTMA/RGO electrode. Scan rate: 0.5 mV s~ and (b) comparison of electrochemical
response of G-g-PTMA/RGO, G-g-PTMA, and RGO electrodes. Scan rate: 0.5 mV s*. (c) Energy storage mechanism of G-g-PTMA/RGO cathode.
Reproduced with permission from Li et al., ACS Appl. Mater. Interfaces 2016, 8, 17352. Copyright 2016 American Chemical Society.

“bifunctional” electrocatalysts exhibiting high activity for the
oxygen reduction reaction (ORR) (during battery discharge) and
the oxygen evolution reaction (OER) (during battery recharge).
As is well known, the sluggish kinetics of ORR and OER, control
the overall performance of MABs.

In this regard, Ghilane and co-workers®® proposed an
approach for developing efficient electrocatalysts for the ORR based
on polymer brushes bearing ionic liquid-like moieties (Fig. 16A).
These authors demonstrated that poly(vinyl-imidazolium-methyl),
poly(VImM), brushes exhibit electrocatalytic activity toward ORR
and they can be used as macromolecular platforms to synergisti-
cally host Pt electrocatalysts.

Glassy carbon (GC) electrodes modified with poly(VImM)
brushes via SI-ATRP displayed a pronounced electrocatalytic
ORR activity when compared to bare GC electrodes (Fig. 16B
and C). Indeed, a direct comparison between both systems
reveals that the presence of poly(VImM) brushes prompts a
~ 80 mV positive onset potential shift as well as a peak current
density increase from 0.18 to 0.45 mA cm™ > The enhanced ORR
activity of poly(VImM) brushes has been ascribed to the presence
of nitrogen atoms in the imidazolium ring that induces a high
electron density. Consequently, this would also generate a

Chem. Soc. Rev., 2019, 48, 814-849 | 831
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Fig. 16 (A) Synthesis of polymer brushes bearing ionic liquid-like moieties via surface-initiated atom transfer radical polymerization (SI-ATRP). R = H

corresponds to poly(VImM); R = CHz corresponds to poly(VImMM) (B) CV of bare GC and GC/poly(VImM) in O,-saturated 0.1 M KOH solution. (C) Oxygen
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Scan rate: 10 mV s~ (D) Oxygen evolution reaction (OER) polarization curves at 1600 rpm in O-saturated 0.1 M KOH solution recorded on bare GC,
poly-(VImM), Pt/C, and Pt/C/poly(VImM). Scan rate: 10 mV s~ (E) Voltammetric plots comparing the ORR and OER response of Pt/C and Pt/C/poly(VImM)

electrodes. Reproduced with permission from Truong et al., ACS Catal., 2018, 8, 869. Copyright 2018 American Chemical Society.

positive charge density in the carbon atom located between the
nitrogen atoms.

Concomitantly, the hierarchical 3D organization of polymer
brush layer favors not only the electron transfer but also the
transport of water and oxygen in the vicinity of the electro-
chemical interface. These interesting properties of poly(VImM)
brushes were successfully extended to the synergistic inte-
gration of conventional Pt/C electrocatalysts, thus generating
hybrid platform with higher electrocatalytic activity and toler-
ance to methanol injection. Poly(VImM) brushes have a small
electrocatalytic activity when compared with Pt/C; however,

832 | Chem. Soc. Rev., 2019, 48, 814-849

Pt/C/poly(VImM) exhibits an electrocatalytic activity that sur-
passes that of Pt/C (Fig. 16D). The strong influence of the
polymer brush is evidenced by comparing the functional pro-
perties of Pt/C and Pt/C/poly(VImM) hybrids. Fig. 16E shows
that the Pt/C/poly(VImM) interfacial nanoarchitecture leads to
higher current densities and lower overpotentials for both ORR
and OER reactions.

It is hypothesized that the enhancement of the OER activity
originates from the chemical composition and the 3D organi-
zation of the poly(VImM) macromolecular assembly. In the
present case, it is believed that the carbon atoms adjacent to

This journal is © The Royal Society of Chemistry 2019
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nitrogen atoms in the monomer units bear positive charges
that, in turn, facilitate the adsorption of OH™ ions and boost
the electrocatalytic activity of the macromolecular interface.

These experimental results not only demonstrate that
surface-grafted polymeric ionic liquids offer new avenues for
ORR electrocatalysis but also show the potential of poly(VImM)/
Pt hybrids as efficient bifunctional electrocatalysts for ORR and
OER reactions.

On the other hand, surface modification of carbon nano-
tubes with polymer brushes has also been demonstrated to be a
successful strategy to improve the electrocatalytic properties of
the carbonaceous nanocomposites. To confer hydrophilic char-
acteristics to multiwalled carbon nanotubes (MWCNTSs), den-
dritic sulfonated hyperbranched poly(ether-ketone) (SHPEK)
assemblies were covalently grafted to the nanotube surface
(Fig. 17A).°° This modification was carried out through a Friedel-
Crafts acylation reaction followed by a sulfonation reaction in the
presence of chlorosulfonic acid. The grafting process introduced
oxygenated groups that improved the processability of the compo-
sites resulting in an enhanced electrocatalytic activity toward

View Article Online

Chem Soc Rev

the ORR. Fig. 17 displays the voltammetric response of pristine
MWCNT, HPEK-g-MWCNT and SHPEK-g-MWCNT electrodes in
O, saturated solution. Results shows that the electrocatalytic
properties of SHPEK-g-MWCNT composite electrodes are better —
in terms of low overpotential and high current density - that those
of pristine MWCNT, HPEK-g-MWCNT and commercial Pt/C.

The modification of glassy carbon with PANI-grafted
multiwall carbon nanotubes (GC/PANI-g-MWNT) represents
another interesting strategy to create electrocatalytic platforms
(Fig. 18A)."°° GC/PANI-g-MWNT hybrid architectures have
shown remarkable electrocatalytic activity toward the ORR that
has been attributed to the synergistic combinations of MWNTSs
and PANI. While MWNTs enable the formation of interfacial
architectures with high surface area, the conducting poly-
mer facilitates the rapid electron transfer through the hybrid
matrix. In fact, a comparison with a PANI-modified electrodes
(GC/PANI) reveals that a GC/PANI-g-MWNT hybrid electrode
exhibits a higher amperometric current at a more anodic onset
potential (Fig. 18B), thus evidencing the excellent electrocata-
Iytic activity for ORR.
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Fig. 17 (A) Schematic depiction of grafting procedure of the dendritic hyperbranched HPEK on the MWCNT surface and the subsequent sulfonation to
yield SHPEK-g-MWCNT. (B) Cyclic voltammograms of films supported on glassy carbon (GC) electrodes in nitrogen- and oxygen-saturated aqueous
electrolyte: (B) pristine MWCNT; (C) HPEK-g-MWCNT; (D) SHPEK-g-MWCNT; (E) Pt/C. Electrolyte: 0.1 M KOH. Scan rate: 10 mV s™1. Reproduced with
permission from Sohn et al., ACS Nano, 2012, 6, 6345-6355. Copyright 2012 American Chemical Society.
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Fig. 18 (A) Schematic illustration of the PANI-g-MWNT nanohybrid. (B) Cyclic
voltammograms of films supported on glassy carbon (GC). Plots (a) and
(b) correspond to the electrochemical response of PANI-g-MWNT/GC and
PANI/GC, respectively, in O saturated electrolyte. Plots (a’) and (b’) corre-
spond to the electrochemical response of PANI-g-MWNT/GC and PANI/
GC, respectively, in deoxygenated electrolyte (blank experiment). Electro-
lyte: 0.5 M H,SO,4. Reproduced with permission from Manesh et al.,
Electroanalysis 2006, 18, 1564-1571. Copyright 2006 Wiley-VCH Verlag
GmbH & Co. KGaA.

Hydrogen evolution reaction

Electrocatalytic water splitting represents an environmentally
friendly technology for hydrogen production.'®" The nature
of the hydrogen evolution reaction (HER) catalyst at the
cathode of the electrolytic device defines to a large extent the
efficiency of the whole electrochemical system."'®*> Historically,
Pt-based electrode materials have exhibited the highest cata-
lytic activities for the HER; however, the high cost of these
materials precludes their widespread use in large-scale indus-
trial applications.

In recent years, dichalcogenides such as molybdenum sulfide
gained increasing attention as promising electrocatalysts for
the HER due to their high activity and excellent chemical and
electrochemical stability.*®

One of the strategies to integrate the electrocatalytic material
onto the electrode surface is through the formation of MoS,~
polymer hybrids.'®* The embedding of the MoS, nanostructures
into a polymer matrix facilitates the anchoring the electrocata-
lytic material on the electrode, but it might affect the electro-
catalytic properties of the dichalcogenide.
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Stern et al., ACS Appl. Mater. Interfaces 2018, 10, 6253. Copyright 2018
American Chemical Society.

Within this framework, Klok and co-workers'®® reported an
approach to control the integration of amorphous molybdenum
sulfide on graphite electrodes by using poly(dimethylamino-
ethyl methacrylate) brushes as templates (Fig. 19A). The strategy
relied on the in situ formation of the nanostructures after
binding the anionic MoS,>” precursors into the cationic poly-
mer brushes. Then the oxidation of the MoS,>~ and subsequent
electrochemical treatment lead to the formation of the amor-
phous MosS, electrocatalyst (Fig. 19B). If we consider that
surface-initiated polymerization of polymer brushes offers
ample control over film thickness and grafting density of a
wide variety of chemical functional groups, it is plausible to
think that these 3D polymer layers can act as templates for the
formation of hybrid interfacial architectures. In fact, one of the
advantages of using polymer brushes at electrochemical inter-
faces is the flexibility for the three dimensional integrating of
the electrocatalytic material on the electrode surface. According
to these authors, the in situ formation of amorphous MoS,
electrocatalyst on poly(dimethylaminoethyl methacrylate}-modified
graphite electrodes resulted in turnover frequencies up to
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1.3 and 4.9 s ' at overpotentials of 200 and 250 mV, respec-
tively, in 1 M H,SO,. It is worth noting that these values are
among the highest reported values for nanostructured molyb-
denum sulfide catalysts.

These results illustrate the potential of polymer brushes as
templates to control the 3D assembly of HER catalysts on
electrode surfaces.

High performance supercapacitors

Electrochemical capacitors, also known as supercapacitors, are
considered one of the most prominent energy storage devices
due to their long cycle life, fast charge-discharge capabilities
and low maintenance cost.'®® In this respect, in recent years
increasing attention has been given to different pseudocapaci-
tive electrode materials,'®” such as RuO, or MnO,, owing to
their high volumetric capacitance.'®® However, one limitation
of these materials is their low power density and slow frequency
response. To circumvent these limitations, carbon-based super-
capacitors integrating graphene and pseudocapacitive materials
were developed.'% In particular, MnO, results in a very attractive
choice for pseudocapacitive materials provided that it has a high
theoretical specific capacitance (1400 F g~ ).

The emerging challenge associated with the construction of
supercapacitors is to devise strategies to bridge the perfor-
mance gap between these materials and construct hybrid
nanoarchitectures in which graphene and metal oxide nano-
particles can interact together without disrupting their own
function.

To this end, Feng and co-workers''® proposed the use of
poly(sodium methacrylic acid) brushes grafted onto graphene
oxide and reduced graphene oxide in order to grow MnO,
particles on the carbonaceous surface in a controlled manner.
The strategy to create the hybrid architecture was based on
exploiting the capability of poly(sodium methacrylic acid) brushes
grafted on the graphene surface to coordinate and uptake
Mn(u) ions with high efficiency. Then, these brush-confined
Mn®" ions were converted into amorphous MnO, nanoparticles
by oxidation in the presence of KMnO,. The presence of the
polymer brushes hinders the formation of crystalline phases
and favors the formation of an amorphous nanomaterial, which
is highly desirable for achieving a better insertion-deinsertion
behavior of Li" ions. These MnO,-polymer brush-graphene
nanocomposites displayed an excellent performance as elec-
trode materials for pseudocapacitors. Electrochemical charac-
terization indicated that the specific capacitance reaches up to
372 F ¢ ! at a current density of 0.5 A g~*, and only 8% drop
after 4000 charge-discharge cycles at the same current density.
This remarkable capacitance performance has been ascribed to
the 3D nature of the polymer brush that confers large specific
areas to the interfacial architecture together with the presence
of MnO, nanoparticles that provide more surface sites and
facilitate charge transfer.

Covalent grafting of polyaniline (PANI) layers on different
electrode materials has shown great potential for the molecular
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design of supercapacitors. Due to its low cost, ease of synthesis,
fast redox rate and high reversible pseudocapacitance PANI has
frequently been integrated in nanocomposites with carbonaceous
nanomaterials for the preparation of supercapacitors.'*™*** Kotal
et al. described a strategy to develop supercapacitors based on
carbon nanofiber-polyaniline (CNF-PANI) composites synthe-
sized by densely grafting brush-type PANI chains onto isocyanate
functionalized CNFs. Electrochemical characterization of these
CNF-PANI nanocomposites revealed a capacitance ~557 F g
and a capacity retention of 86% after 2000 charge/discharge cycles
at a current density of 0.3 A g~ 1.""*

Graphene holds great potential as an electrode material for
electrochemical energy storage; however, in some cases its
surface functionalization is mandatory in order to improve its
capacitive properties."’® Within this framework, one of the
most frequently explored strategies for enhancing the electro-
chemical capacitive energy storage capabilities is the creation
of graphene-conducting polymer nanocomposites."*®'*” Along
these lines, Back and co-workers*® reported a method to pre-
pare highly conducting polyaniline-grafted reduced graphene
oxide (PANi-g-rGO) nanocomposites based on the covalent
functionalization of amine-protected 4-aminophenol to acylated
GO, followed by the polymerization in the presence of aniline
(Fig. 20). This chemical strategy resulted in highly conducting
hybrids displaying a remarkable electrochemical performance as
supercapacitor electrodes.

Graphene covalently functionalized with poly(p-phenylene-
diamine) (RGO-PPD) has also been devised as a high perfor-
mance electrode material for constructing supercapacitors.
This nanocomposite material was prepared by grafting poly(p-
phenylenediamine) on chlorinated graphene oxide (GO-COCI)
sheets through amidation and polymerization processes.
Assessment of the capacitive properties of RGO-PPD nanocom-
posites indicated that these materials exhibit a high specific
capacitance of 347 F g ' at a discharge rate of 1 A g~ ' while
maintaining 90.1% of its initial capacitance at 10 A g~ * after
1000 charge/discharge cycles.'"®

Another approach to fabricate supercapacitors by tethering
poly(o-phenylenediamine) chains on graphene surfaces
involves the modification of graphene oxide (GO) with aniline
groups via diazotization reaction followed by polymerization of
o-phenylenediamine (oPD) monomers onto the GO surface
(Fig. 21A)."*° Then, the GO-PoPD composite is washed repeatedly
and only the PoPD linked to the surface aniline groups on the GO
sheets remain in the form of single-chain structure. Subsequently,
the composite is reduced by hydrazine hydrate at 95 °C for 3 h to
obtain the reduced graphene oxide/poly o-phenylenediamine
hybrid nanomaterial. Electrochemical tests confirmed that
rGO-PoPD nanocomposites exhibit a high specific capacitance
of 381 Fg 'in1 M H,SO,at 1 Ag ", and 230 Fg~ " in 6 M KOH
at 1 A g ' as well as excellent stability and capacity retention
(~90%) after 5000 cycles (Fig. 21B).

Covalently grafted PANI layers were successfully grown on
reduced graphene oxide nanosheets using aminophenyl groups
as anchors, thus leading to stable three-dimensional polyaniline-
grafted graphene hybrid materials for supercapacitor electrodes.
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Fig. 20 Schematic presentation for the preparation of PANi-g-rGO nanohybrids. Reproduced with permission from Kumer et al.,, ACS Nano, 2012, 6,

1715-1723. Copyright American Chemical Society.

The specific capacitance of this composite reached up to
1045.51 F g~ at 0.2 A g " and the electrochemical tests
indicated that 95% of the initial specific capacitance can be
retained after 1000 cycles.’*! This value is much higher than
that of the pure PANI and other PANI-rGO composites prepared
by noncovalent interactions.'*”> Hence, one can infer that one of
the key elements for the remarkable electrochemical perfor-
mance is the covalent grafting of the conducting polymer layer
on the graphene nanosheets. Chemically grafted graphene-
polyaniline composites were prepared by polymerization of aniline
onto p-aniline functionalized graphene substrates. This strategy
involved a diazotization reaction of p-phenylenediamine to anchor
p-aniline groups on the graphene surface (the diazonium addition
method'*®) that ultimately act as reactive sites for the chemical
grafting and subsequent polymerization of aniline.'** Electro-
chemical characterization of these nanocomposites demonstrated
high electrochemical capacitance (422 F g~ ') at discharge rate of
1 A g . Later on, the diazonium addition method was employed
to create 3D hierarchically nanostructured graphene sheets
covalently modified with PANI assemblies yielding supercapacitors
with high electrochemical capacitance (1295 F g~ ' at 1 A g~ ") and
long cycling life.’*® A similar approach based on the synthesis of
polyaniline-grafted reduced graphene oxide via azobenzene pen-
dants resulted in supercapacitors with 80% capacity retention after
1500 cycles.'*®

836 | Chem. Soc. Rev., 2019, 48, 814-849

More recently, Hoa and coworkers'>” proposed an interesting
twist to the creation of supercapacitors by using three-
dimensional reduced graphene oxide-grafted polyaniline aerogels
as active materials. Graphene oxide sheets were grafted with PANI
chains and subsequently RGO-g-PANI aerogels were obtained by
hydrothermal and drying processes. Aerogel composites were
integrated as active materials in supercapacitors resulting in
electrochemical storage devices with a specific capacitance of
1600 F g~ at very high current densities (12 A g~ ') and excellent
capacity retention after 3000 cycles (~91%). Chemical grafting of
polyaniline chains onto aniline-functionalized graphene has
been employed as a route to create PANI-graphene oxide-TiO,
nanotube composite for high electrochemical capacitance appli-
cations. These systems exhibited good long-term electrochemical
stability provided that the specific capacitance decreased gradu-
ally from 816 F g~ * to 720 F g~ * after 2000 cycles, thus retaining
88% of the initial capacity.'*®

Covalent grafting of polythiophene chains on graphene oxide
sheets also yielded supercapacitors with excellent capacitance
retention.’® The grafting process involved the simultaneous
reduction and covalent anchoring of thiophene derivatives on
graphene oxide sheets to generate polythiophene chains homo-
geneously distributed on rGO sheets (PT-g-rGO hybrids). The
maximum specific capacitance of these hybrids was 230 F g~ *
and the capacitance retention was ~100% after 5000 cycles.
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Fig. 21 (A) Schematic presentation for the preparation of poly(o-phenylene-
diamine) (PoPD)-reduced graphene oxide nanohybrids. (B) Cycling capability
of poly(o-phenylenediamine) (PoPD)-reduced graphene oxide nano-
composite (scan rate: 50 mV s7Y). The plot includes a SEM image of
poly(o-phenylenediamine) (PoPD)-reduced graphene oxide nanohybrids.
Reproduced with permission from Yang et al., Electrochim. Acta 2017, 245,
41-50. Copyright 2017 Elsevier B.V.

It has been hypothesized that the interfacial configuration of
the polythiophene chains on the graphene oxide sheets facil-
itates the ionic and electronic transport thus improving the
electrochemical performance of the PT-g-rGO hybrids.

If we bear in mind that the properties of nanocomposites depend
not only on the individual components used but also on the
morphology and the interfacial characteristics, then we can conclude
from these experiments that polymer brushes play a valuable role as
structural building blocks integrating dissimilar nanomaterials in
order to develop supercapacitors with improved properties.

Solar hydrogen production

Conversion of solar energy into chemical energy by using photo-
electrochemical cells constitutes a carbon-free, environmentally
friendly solution to the increasing demand for clean energy."**"*"*
In this regard, optimizing the generation of hydrogen fuel via water
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splitting with semiconductor electrodes constitutes a core task of
the electrochemistry community. At present, there is a consensus
that no single material satisfies all of the efficiency, stability, and
cost-effective conditions required for large-scale industrial applica-
tion of these energy conversion systems. In recent years, polymer
brushes emerged as suitable building blocks for designing hetero-
structural photoelectrodes for hydrogen generation.

One of the first attempts to integrate polymer brushes into
photoelectrochemical interfaces for solar-to-fuels technologies
has been reported by Cedeno et al.*** These authors described
the attachment of difluoroborylcobaloxime catalysts to poly-
vinylpyridine (PVP)-modified p-type gallium phosphide electrodes
resulting in improved hydrogen production levels and photo-
electrochemical performance as compared with PVP-modified
electrodes without catalyst functionalization.

Beiler et al.'** also proposed the use of polymer brushes con-
taining pendant ligands for organizing and controlling molecular
catalysts on the photoelectrode surface. Gallium phosphide
(100) electrodes were derivatized with polymer brushes bearing
pyridyl or imidazole ligands with attached cobaloximes cata-
lysts. Photoelectrochemical testing of the electrodes modified
with cobaloxime-appended polymer brushes revealed a 3-fold
increase in hydrogen production as compared to electrodes
without cobaloxime functionalization.

Later on, the same research group performed the successful
assembly of hydrogen-producing cobaloxime catalysts on GaP(111)
surface through the coordination to polyvinylimidazole (PVI)
brushes (Fig. 22A). Photoelectrochemical measurements in
neutral aqueous conditions indicated that cobaloxime coordi-
nation to the PVI brushes exhibit a 4-fold increase in current
density as compared to results obtained using cobaloxime-free PVI
electrodes. Indeed, simulated solar illumination (100 mW cm ™ ?),
of the cobaloxime-PVI-modified photocathodes resulted in a
current density ~1 mA cm > when polarized at 0 V (vs. the
reversible hydrogen electrode) (Fig. 22B). Noteworthy, this hybrid
interface integrating a catalytic macromolecular nanoarchitecture
onto a semiconducting electrode displayed near-unity faradaic
efficiency for hydrogen production.'*

Then, these notions were further extended to the modification
of p-type GaP semiconductor electrodes with polyvinyl pyridine
brushes bearing cobalt porphyrin catalysts. In these macromole-
cular platforms the Co centers of the porphyrins are attached to
the substrate through the coordination to pyridyl groups of the
polymer brush. Photoelectrochemical characterization confirmed
that the catalyst-polymer-semiconductor hybrid cathodes are
highly active and efficient for hydrogen production."*

These results illustrate the versatility of polymer brushes to
create functional interfaces capable of integrating light capture
nanoarchitectures on photoelectrochemical platforms for gene-
rating fuels using sunlight as an energy input.

Photovoltaic devices

Generating electricity from sunlight in large scale, at low cost
and in an efficient manner is one of the grand challenges of our
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American Chemical Society.

century. Our planet receives an incredible supply of energy
from the Sun, but it is vitally necessary to improve the efficiency
and performance of our photovoltaic devices in order to better
harness the power of that formidable and inexhaustible resource.
Over the past decades polymer solar cells (PSC) have attracted
considerable attention and interest due to their advantages of
mechanical flexibility, solution-processability and cost-effective
fabrication."*®'*” PSC are based on bulk heterojunctions (BH]J)
where the active layer is constituted of a composite of a p-type
(donor) and an n-type (acceptor) material. This configuration
maximizes the internal donor-acceptor interfacial area, thus
allowing for efficient charge separation. Within this framework
different research groups have resorted to interface engineering
to optimize interfacial properties with the aim of controlling
the active layer morphology and improving material compati-
bilities."*® Among the different strategies of interfacial engineer-
ing, the use of polymer brushes provides a number of advantages
over traditional physical deposition techniques: (i) they prevent
film delamination; (i) they facilitate the integration of multiple
polymer layers exhibiting similar solubility; (ii) their polymer
backbone is oriented perpendicular to the substrate, this being a
structural feature that could be necessary to facilitate charge
injection. Regarding this latter, we should note that traditional
solution processing methods such as spin-coating or drop-
casting are not able to confer specific orientations to the polymer
chains deposited on the substrates.

The first example of the valuable contribution of polymer
brushes to the design of photovoltaic devices was contributed
by Huck and co-workers.'®*® These authors achieved molecular
organization in polymeric semiconductors via alignment of
polymer chains using surface-initiated polymerization. Poly-
acrylate brushes bearing triarylamine side groups exhibited
high mobilities for hole transport and were then employed in

838 | Chem. Soc. Rev., 2019, 48, 814-849

composite diodes integrating CdSe nanocrystals. Physical char-
acterization also revealed that the transport in the nanocrystal
phase was dramatically improved as compared to that of a spin-
coated polymer/nanocrystal blend film. The controlled polymer
architecture and morphology results in better charge carrier
transport properties in organic devices provided that charge-
transporting polymer brushes exhibit up to 3 orders of magni-
tude increase in current density normal to the substrate as
compared with a spin-coated film."*°

Electrochemically crosslinked surface-grafted poly(N-vinyl-
carbazole) (PVK) brushes as hole transport layers on a photo-
voltaic devices have been demonstrated by Advincula and
coworkers'' using surface initiated-reversible addition-
fragmentation chain transfer (SI-RAFT) polymerization. This
strategy relied on the use of electrodeposited chain transfer
agents to grow polymer brushes from ITO electrode surfaces.
Contrary to general approaches based on self-assembled silane
initiators, the electrodeposition of macroprecursors provides
well-defined and selective anchoring points from where the
polymer brush can grow provided that the electropolymeriza-
tion only occurs in the conducting regions of the electrode
support and ensures an efficient way to yield a good control
over the film thickness and a good surface coverage due to the
high grafting densities.

Greenham and co-workers'*” also reported the formation
carbazole-containing brushes for photovoltaic devices. They
described the development of a new polymer brush architecture
based on carbazole-functionalized polyisocyanopeptide brushes.
Polyisocyanides are unique polymers that exhibit a well-defined
structure due to their helical backbone and can form surface-
confined macromolecular scaffolds for the arrangement of elec-
tronically active moieties. This is a particularly interesting aspect
if we consider that there is a correlation between the device
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performance and the capacity to infiltrate the polymer brush
film with a second component. The experimental evidence
showed that after spin-coating a solution of the acceptor on
top of the carbazole-bearing brushes, the photovoltaic devices
exhibited better photovoltaic characteristics as compared to
blended donor-acceptor architectures created on amorphous
spin-coated PVK film. This improvement in device performance
has been ascribed to the large interfacial area between compo-
nents stemming from the controllable interfacial architecture
as well as the good charge generation.

Densely packed conjugated polymer brushes can tune the
interfacial energy at the electrode with potential improvement
on the active layer morphology."**'** However, depending on
the nature of the monomer units, the formation of well-defined
conjugated polymers brushes can be quite challenging. Chen
et al.'*® reported the synthesis of poly(para-phenylene) (PPP)
brushes of various grafting density by aromatizing well-defined,
end-tethered poly(1,3-cyclohexadiene) (PCHD) “precursor brushes”.
This interesting approach provides a very stringent control over the
grafting density of high molecular weight conjugated polymer
brushes that would otherwise be insoluble.

In the same spirit, Kiriy et al. reported the first preparation of
poly(3-hexylthiophene) (P3HT) brushes from different surfaces
via surface-initiated Kumada catalyst-transfer polycondensation
(SI-KCTP).***'"” From that moment on, several groups explored
the use of SI-KCTP to grow conjugated polymer brushes, such as
polyfluorenes and poly(dialkoxy-p-phenylenes), from different
surfaces.™*%°

In particular, Yang et a reported the formation of uni-
form poly(3-methylthiophene) (P3MT) brushes on ITO surfaces
using SI-KCTP from surface-bound arylnickel(n) bromide initia-
tors (Fig. 23A). These researchers successfully demonstrated
the use P3MT brushes as a viable hole-transporting layers (HTL)
for solution-processed polymer solar cells through the fabrica-
tion of devices with efficiencies comparable to those obtained
from poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS)-based devices (Fig. 23B). In a similar vein, Kilbey
and co-workers™" proposed the use poly(3-hexylthiophene) (P3HT)
brushes as anode buffer layers in PZHT-PCBM (phenyl-C61-butyric
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Fig. 23 (A) Illustration of the photovoltaic device based on a bulk hetero-
junction (BHJ) polymer solar cell using P3MT brushes as interfacial layer.
P3MT brushes are covalently bound to ITO electrodes via surface-initiated
Kumada catalyst-transfer poly-condensation (SI-KCTP). (B) Current-voltage
(J=V) curves of the BHJ solar cell devices based on P3HT brushes under
illumination (100 MW cm™2). Reproduced with permission from Yang
etal., ACS Appl. Mater. Interfaces 2012, 4, 5069. Copyright 2012 American
Chemical Society.
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acid methyl ester) bulk heterojunction devices. Current-voltage
characterization confirmed a significant enhancement in short
circuit current, thus illustrating the capabilities of these nano-
structured buffer layers to replace the PEDOT:PSS buffer layer
in solar cells applications.

Modification of electrode surfaces with thiophene-based
brushes was also accomplished through the combination of
surface-initiated polymerization and electrochemical techni-
ques. Poly(terthiophene methyl methacrylate) (PTTMM) were
grown from Au and ITO surface via S-ATRP. Then, these brushes
were electrochemically crosslinked to form a conjugated polymer
network on the electrode surface."> More recently, Youm et al.
reported the formation of polythiophene brushes through highly
controlled surface-initiated Kumada catalyst transfer polymeri-
zation. Detailed structural studies revealed that these polythio-
phene brushes display a complex molecular organization.
In particular, they have observed that polythiophene chains
assemble into lateral crystalline domains with individual poly-
mer chains folded to form in-plane aligned and densely packed
oligomeric segments within each domain.'*® It is evident that
the strong confinement effects resulting from the tethering of
the polymer chains have strong implications for the mesoscale
organization of the grafted polymer layer. And more importantly,
this level of supramolecular organization is almost impossible to
attain via traditional solution processing methods such as spin-
coating or drop-casting.

The development of hybrid bulk heterojunctions (BH]J)
integrating conjugated polymers brushes with n-type inorganic
semiconductors stems from the need to combine the charac-
teristics of both constituents to achieve more efficient and
reliable devices. Polymer brushes offer structural stability and
tailorable design of conjugated polymers whereas inorganic
semiconductors contribute thermal and ambient stabilities as
well as high electron mobility. However, the contrast between
the hydrophilic surface of the oxide nanoparticle and the
hydrophobic characteristics of the conjugated polymers may
pose challenging issues to the successful integration of the
hybrid BHJ. In most cases, the incompatibility between both
constituents promotes the phase segregation between electron
donor and acceptor counterparts, with a concomitant decrease
in carrier-dissociation efficiency.

In this context, polymer brushes came to light as a plausible
strategy to improve the compatibility, miscibility and dispersion
stability of conjugated polymer-oxide nanoparticle and conju-
gated polymer-semiconductor nanocrystal hybrid materials®>**>>
without affecting the intrinsic electron transfer properties of
the nanocomposite system. One of the first attempts to con-
struct nanoparticle-polymer brush hybrids via surface-initiated
Kumada catalyst-transfer polycondensation was reported by
Senkosvskyy et al.'>® and involved the modification of submic-
rometer SiO, particles with densely grafted P3HT brushes.
These hybrid systems were then successfully applied in bulk
heterojunction solar cells. Along the same line, SI-KCTP was
also employed by Boon et al. to grow dense P3HT brushes from
TiO, particles.””” These authors observed improved photo-
induced electron-transfer efficiency in the hybrid P3HT-TiO,
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material compared with a simple mixture of P3HT and TiO,
particles. This improvement in the photoinduced electron-
transfer process has been ascribed to the intimate contact
between P3HT and TiO, counterparts. It is important to note that
the influence of the grafted chains is observed even in the case of
P3HT-TiO, hybrids prepared via a “grafting-onto” approach. For
example, the grafting of carboxylic end-functionalized P3HT
chains onto TiO, nanoparticles produced an improvement in
the photoinduced electron-transfer efficiency even when the
polymer mass fraction was very low, 3%."® In a similar way, it
has been shown that by grafting P3HT brushes onto ZnO nano-
particles the dispersion of the nanomaterials within a P3HT
matrix can be greatly promoted with a concomitant improvement
of the photoinduced charge transfer process. As a result, the
performance and efficiency of hybrid photovoltaic devices
based on P3HT/P3HT-modified ZnO nanocomposites is higher
than those devices fabricated by physical mixture of P3HT and
Zno."

The use of polymer brush-carbonaceous nanomaterial hybrids
has also proved useful in optimizing the photovoltaic properties
of solar cell devices. In this regard, Lee et al.'®® demonstrated that
maleimide-thiophene copolymer-functionalized graphite oxide
sheets and carbon nanotubes act as efficient charge-transport
promoters when integrated in the photoactive layers of polymer
solar cells. The use of ethoxylated polyethylenimine grafted on GO
(GO:PEIE) enabled the construction of transparent conducting
electrodes for high performance photovoltaic devices.'®" It has
been demonstrated that the application of GO:PEIE films as
electron transport layers (ETL) improves the performance of
organic solar cells with active layers consisting of poly({4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl}{3-
fluoro-2-[(2 ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})
(PTB7) mixed with [6,6]-phenyl C71 butyric acid methyl ester
(PC71BM). Photovoltaic characterization of PTB7:PC71BM bulk
heterojunctions with different electron transport layers showed
that the average power conversion efficiency (PCE) of devices
integrating GO:PEIE (8.15%) is higher than those involving the
use of GO (7.28%) or PEIE (6.89%). The functional performance
improvement has been attributed to a slower electron extrac-
tion rate of PEIE, and GO, that ultimately leads to an enhanced
possibility of charge recombination due to electron accumula-
tion at the interface of the PTB7:PC71BM and the ETL.

Furthermore, it has been shown that chemical grafting of
poly(3-hexylthiophene) (P3HT) chains on graphene oxide (GO)
sheets facilitates the device fabrication by solution processing.
The chemical grafting of P3HT chains onto the graphene sur-
face induces a strong electronic interaction that promotes an
enhanced electron delocalization and a narrower band gap than
that of pure P3HT. By way of example, Dai and co-workers'®*
demonstrated that a bilayer photovoltaic device based on the
solution-cast of GO-P3HT/C60 heterostructures exhibit a 200%
increase in the power conversion efficiency with respect to an
analogue P3HT/C60 device. The same group explored a similar
strategy using carbon nanotubes covalently modified with
grafted P3HT chains (P3HT-CNT) and observed that the power
conversion efficiency of bilayer photovoltaic devices employing
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a thin film of P3HT-CNT as the electron donor and C60 as the
electron-acceptor layer was 40% higher than their counterpart
based on pure P3HT.'®

On a different note, dye-sensitized solar cells (DSSCs) have
evolved as an alternative to conventional silicon-based inorganic
solar cells due to the affordable production costs and (relatively)
high light-to-electric energy conversion efficiencies. In addition,
the use of carbonaceous nanomaterials as materials for counter
electrodes (CE) in DSSCs began to attract the interest of chemists
and materials scientists due to their low cost and good electro-
catalytic activity. In this regard, poly(styrene-4-sodiumsulfonate)
(PSSNa) brushes were grafted on MWCNTs (MWCNT-g-PSSNa)
using a ‘“‘grafting to” route and, subsequently, the aqueous
dispersion was employed to fabricate MWCNT-g-PSSNa thin
films through an electrostatic spray technique (Fig. 24)."®* This
strategy led to the formation of uniform thin films constituted
of highly interconnected MWCNT-g-PSSNa network structures
that were used as the counter electrode in DSSCs. The MWCNT-g-
PSSNa thin film showed high efficiency as a counter electrode in
DSSCs whereas - even in the case of very thin films, ~300 nm -
the power conversion efficiency (PCE) of fabricated photovoltaic
devices using MWCNT-g-PSSNa hybrid counter electrodes was
>6%. Fig. 23B shows the J-V characteristics of the six DSSCs
constructed with MWCNT-g-PSSNa thin film counter electrodes
of different thickness under illumination (100 mW cm 2,
AM 1.5G). For the sake of comparison, the plot also includes
the J-V characteristics of a DSSC fabricated with a Pt counter
electrode (DSSC-Pt). Physical characterization of these systems
showed that PCE was comparable to that of the DSSC-Pt when
the CE thickness was optimized to ~1 um, thus highlighting
the potential of polymer brush-MWCNT hybrids as low-cost
materials for the alternative fabrication of Pt-free counter
electrodes for DSSC through simple wet chemical routes.

The possibility of substituting Pt by a nanostructured poly-
mer conductor as electrocatalyst on the counter electrode of a
DSSC has been also extended to the application of graphene oxide
nanosheets modified with covalently grafted poly(o-methoxy-
aniline) chains (POMA-FGO) doped with camphorsulfonic acid
(CSA) (Fig. 25A)."% Physical characterization has shown that
POMAFGO-CSA counter electrodes exhibit reduced interfacial
impedance due to the combination of the effective dispersion
of FGO promoted by the soluble conducting polymer grafted on
the FGO surface and the doping effect of CSA. Noteworthy, the
efficiency of a DSSC based on the POMA-FGO-CSA counter
electrodes is 8.81%, which is higher than that of DSSCs fabri-
cated with a conventional platinum counter electrode. Fig. 25B
illustrates the j-V plots of DSSCs fabricated with hybrids
of different composition. The addition of FGO, enhances the
crystallinity, electrochemical properties, and surface area of
the counter electrode, with a concomitant improvement of
the DSSCs efficiency. However, an excess amount of FGO might
reduce the efficiency of the photovoltaic device. Results also
indicate that the presence CSA improves the efficiency of the
DSSCs. The electron transfer mechanism behind the operation
(Fig. 25C) of this hybrid counter electrode strongly relies on the
formation of a FGO-POMA-CSA conductive network in which
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direct electron transfer to POMA-CSA polymer chains plays a
major role.®® It has been suggested that FGO might be involved
in the electrocatalytic reaction with triiodide electrolyte; how-
ever, the main contribution of this nanomaterial seems to be
related to an increase in active surface area due to the parti-
culate morphology that enhances the contact area with the
electrolyte.

Polyaniline-grafted silica nanocomposites have been also
employed as gel electrolytes for quasi-solid-state dye-sensitized
solar cells.'®” PANI-SiO, hybrids were synthesized by the chemical
oxidative grafting polymerization of aniline on NH,-modified
SiO, nanoparticles. The incorporation of the PANI-SiO, hybrids
into the ionic-liquid electrolyte resulted in the formation of a
gel electrolyte displaying higher conductivity and diffusion
coefficient of I;~ ions as compared to nanocomposite-free
ionic-liquid electrolyte. Photovoltaic characterization of the
DSSCs indicated promising results for quasi-solid-state DSSC
applications provided that the use of 15 wt% PANI-SiO, in the
gel electrolyte yielded an efficiency of 7.15%. The high perfor-
mance of the composite gel electrolyte stems from its nano-
architecture as the interconnected conducting network
generates channels and pathways that facilitate the transport
of ions and charge.

On the other hand, covalent grafting of polythiophene
brushes on TiO, surfaces has gained increasing acceptance as
a plausible strategy to integrate sensitizers in DSSCs. Contrary
to the physisorption approach in which polythiophene chains
weakly interact with the substrate, the covalent ‘“grafting-to”
assembly of oligothiophene brushes facilitates the injection of

This journal is © The Royal Society of Chemistry 2019

electrons into the TiO,."®® Carboxylated polythiophenes were

found to be efficient light harvesting polymers for nano-
structured TiO, photovoltaic cells.*®® The overall solar-to-electric
energy conversion efficiency found in these hybrid nanoarchitec-
tured systems is typically 0.9-1.5%. However, the presence of
deconjugated moieties between the thiophene monomer units
and the carboxylic anchoring group might limit the electron
injection rate. Within this framework, Warman et al.'”° explored
the use of poly(3-hexylthiophene) functionalized either with a
cyanoacetic acid (CA) or a rhodanine-3-acetic acid (RA) anchoring
group. In this strategy, the anchoring group has been designed to
enable the chemical binding of the dye to the semiconductor
surface, enhance the electron injection efficiency and promote the
photoinduced electron transfer process. According to these
authors, a direct comparison between both anchoring groups
revealed that poly(3-hexylthiophene) functionalized with CA
anchors have much broader photoresponse range and enhanced
light harvesting efficiency. For instance, photovoltaic measure-
ments performed on DSSCs using cyanoacetic acid-functionalized
poly(3-hexylthiophene) bearing 13 monomers units showed
energy conversion efficiencies of 3% under light irradiation of
100 mW cm 2.

From another point of view, Feng and co-workers'”*
reported the formation CdS/CdSe quantum dots (QDs) co-
sensitized graphene nanocomposites for potential photovoltaic
applications using polymer brushes as templates or structural
units. Their approach relied on the modification of graphene
sheets with (polymethacrylate cadmium) brushes. The cadmium
ions hosted in the polyelectrolyte chains acted as precursors for

Chem. Soc. Rev., 2019, 48, 814-849 | 841
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the formation of QDs. The semiconducting CdS and CdSe QDs
were prepared through the reaction with H,S gas and Na,SeSOj;
solution, respectively. After the reaction, subsequent uptake of
cadmium ions by remaining carboxylate moieties enables the
further formation of QDs. In this way, the loading of QDs
hosted in the brush layer can be substantially increased by
repeated steps. Physicochemical characterization of CdS/CdSe
QD-polymer brush-graphene nanocomposites showed that the
hybrid nanoarchitecture exhibit a significant enhancement of
visible light response as compared to plain graphene. The same
group employed a similar approach to create high density CdS/
CdSe quantum dots onto TiO, nanotubes by using polymer
brushes as nanoreactors.'”? In this case, TiO, nanotubes were
modified through surface initiated polymerization of cadmium
dimethacrylate brushes. Subsequently, CdS and CdSe QDs with
high loading and narrow size distribution were synthesized via
simple gas-solid and liquid-solid reactions. In this configu-
ration, polymer brushes not only act as templates but also
stabilizing agents preventing further nucleation and uncontrolled
aggregation of the QDs. Photoelectrochemical measurements
indicated that the light absorption of CdS/CdSe DQ-polymer
brush-TiO, nanocomposites was extended to the visible
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light region, displaying good photocurrent and photovoltage
response characteristics.

The use of graphene derivatized with polymer brushes for
photovoltaic applications has been also proposed by Taylor and
co-workers."”? These authors resorted to the use of graphene
nanosheets modified with polystyrene-based polymer brushes
bearing Ru(u) polypyridine chromophores (PSRu). In recent years,
there has been an increasing interest in combining this type
of complexes with polymeric scaffolds and nanomaterials to
create metallopolymer hybrids for potential applications in
photoenergy conversion. In this regard, photophysical evalua-
tion of photovoltaic cells based on graphene-polymer brush
assembly in the configuration, ITO/PEDOT:PSS/RGO-PSRu/
PC60BM/A], revealed a 5-fold enhancement of photocurrent
and power conversion efficiencies relative to devices with the
configuration, ITO/PEDOT:PSS/PSRu/PC60BM/AL. These results
eloquently illustrate the advantages of working with polymer
brushes to optimize the properties graphene/metallopolymer
hybrids.

More recently, Caterino et al.'’* demonstrated the use of
polymer brushes as key elements in biosolar cell applications.
Carboxylate-bearing polymer brushes decorated with ferrocene

This journal is © The Royal Society of Chemistry 2019
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Fig. 26 (A) Schematic illustration of the bio-hybrid system consisting of
bacterial photoactive reaction centers (RCs) immobilized on a diamond
electrodes modified with polymer brushes. The figure describes the
different electron transfer processes involved in the photocurrent genera-
tion. AMF: aminomethylferrocene (redox mediator). Qo/QH,: quinone/
dihydroquinone redox pair. (B) Photocurrents measured under periodical
light exposure for a diamond electrode modified with interfacial architec-
ture involving the use of self-assembled monolayers (ML) (black curve) and
polymer brushes (red curve). Reproduced with permission from Caterino
etal., ACS Appl. Mater. Interfaces, 2015, 7, 8099. Copyright 2015 American
Chemical Society.

units or cytochrome ¢ were employed as 3D scaffolds capable of
hosting bacterial photoactive reaction centers (RCs) on con-
ductive nanocrystalline diamond surfaces (Fig. 26A). In this
particular setting, the cytochrome ¢ and ferrocene groups act as
redox mediators promoting the generation of photocurrents.
Their work shows the critical role of polymer brushes as
structural and functional units in the construction of bio-
photovoltaic hybrid systems. Fig. 26B displays the photoresponse
of a diamond electrode in which RCs were immobilized on
6-phosphonohexanoic acid self-assembled monolayers (ML)
(black trace) and that of an electrode constituted of RCs
integrated into carboxylate-bearing polymer brushes (red trace).
The plot shows that photocurrents measured in the “polymer
brush configuration” (~1.5 pA cm™?) are three times higher
than the photocurrents measured with monolayer-modified
electrodes. Due to their 3D characteristics and high surface
density of functional groups, polymer brushes are critical to
attain an efficient entrapment of photoreactive proteins and
increase the loading of photoreactive units on the electrode
surface. If we consider that these protein complexes are able to

This journal is © The Royal Society of Chemistry 2019
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transform sunlight into electricity with high efficiency, then
this strategy using polymer brushes as functional scaffolds
would open new avenues to design biophotovoltaic devices.

Conclusions and outlook

“For our sustainable energy future, there is a common global
objective that needs to be met and that is “getting more from
less for more””."”

R. A. Mashelkar

As we move further into the 21st century, we must recognize
that the development of clean and high-efficient energy storage
and conversion technologies is becoming more and more
important for the sustainable development of our societies.
This is particularly relevant if we consider that it is forecasted
that by 2050 the demand for energy could double or even triple
as the global population grows and developing countries
expand their economies.’”® We can say from a historical point
of view that our civilization evolved hand in hand with our
ability to harness energy from different sources. Nowadays, we
need to be prepared for a world of complex social and economic
challenges that will require - more than ever - our ability to
find, use and improve clean energy sources with ever increasing
dexterity and ingenuity.

In this respect, we must say that the creativity of chemistry
and materials science can be of great help in assisting us to face
the energy challenge. Research in these two disciplines is
increasingly contributing to a sustainable future based on clean
and efficient energy generation and storage. In that spirit, this
review presented the concepts, ideas and strategies that are
being developed based on the practical use of polymer brushes
for improving the performance and efficiency of energy con-
version and storage devices.

There is a broad consensus that interfaces have a strong
influence on the synergistic effects resulting from the combi-
nation of different materials and, consequently, hold the key to
the comprehensive properties of hybrid materials that are ulti-
mately integrated as active components in energy conversion and
storage devices. The magnitude and performance of the processes
taking place in these devices rely almost exclusively on nanoscale
interfacial phenomena in which the integration of thin polymer
layers may play a major role. Here is when polymer brushes come
into the picture as valuable tools to engineer interfacial properties
with exquisite control. In contrast to other functionalization
techniques, polymer brushes offer a broad variety of resources
to gain nanoscale control over the size, sequence, conformation,
and spatial distribution of functional building blocks (Fig. 26).
This is why, over the past several years, we have witnessed the
appearance of different approaches exploring the practical use of
polymer brushes in energy-related applications.

Advances in materials science have demonstrated that the
incorporation of organic-inorganic hybrids in proton exchange
membranes can improve the proton conducting properties of
the composite material. It is now widely accepted that the
proton conductivity is strongly correlated with the interfacial
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structures present in the inner environment of these mem-
branes. As shown, the surface modification of inorganic fillers
with polymer brushes has a pronounced influence not only on
the interface morphology of the hybrid membrane but also on
the generation of sites and pathways for proton transport. The
same concept has been also easily extended to the transport of
Li" ions. It has been demonstrated that the use of polyelectro-
lyte brushes instead of monolayer assemblies to modify nano-
particles incorporated in hybrid membranes leads to a significant
increase in carrier concentration. In fact, additional molecular
modification of the polymer brush with PEGylated units facili-
tated the dispersion of the particles into the polymeric PEO matrix
improving the mobility of lithium ions.

On the other hand, redox functionalization with polymer
brushes'”” gained increasing attention within the electro-
chemistry community as an alternative route to increase the
performance of batteries and electrochemical capacitors. In this
case, the interest is two-fold: (i) depending on the polymerization
time or layer thickness, polymer brushes can greatly increase the
number of electrons exchanged per grafted molecule, and (ii) the
use of a redox polymer covalently anchored to the active material
would replace both the use of binders and the conductive carbon
additives. Several experimental observations have demonstrated
that electrochemical storage devices incorporating polymer
brush-inorganic nanoparticle hybrids show increased specific
capacities and rate capabilities as well as better cycling stability
when compared with unmodified inorganic nanoparticles. One
of the advantages of polymer brushes is their mechanical
stability, i.e.: increased elastic moduli and plasticity, stemming
entropic effect lowering the stress contribution.'”® These super-
ior mechanical properties facilitate the processing of the poly-
mer brushes in different configurations, e.g.: nanoparticles,
nanosheets, nanotubes or planar surfaces, and their incorpora-
tion into different nanocomposites (Fig. 26).

For instance, grafted redox polymer brushes have been
successfully used as cathode active materials in organic radical
batteries without evident dissolution of the organic electrode
material. Note that in many cases, redox polymers tend to
dissolve into certain organic solvents, thereby affecting the
energy density, self-discharge, and cycle-life performance of
batteries. In general, this technical problem is overcome by
means of crosslinking methods, even though this strategy can
alter the electroactivity of the redox polymer. On the contrary,
the implementation of covalently anchored redox polymer
brushes not only prevents the polymer from dissolving into
the electrolyte but also improves the electrochemical properties
of the system.

Polyelectrolyte brushes are particularly useful matrices for
the preparation of supercapacitors if we consider that the
charge storage mechanism of these devices depends primarily
on the electrosorption of ions on the electrode surface to form
an electrical double layer."”® The presence of flexible polyelec-
trolyte chains on the electrode surface promotes remarkable
alterations in the charge screening, ionic rearrangement and
confinement, with the significant concomitant effects on the
capacitance and charging dynamics.
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Conjugated polymers play a central role in the development
of polymer solar cells. Devising strategies to manipulate the
nanostructure, composition and energetics of the polymer-
inorganic interface is of paramount importance to exert control
over charge injection and charge transport processes. Much
effort has been devoted to engineering the polymer-inorganic
interface in polymer solar cells to improve the power conver-
sion efficiency. The formation of conjugated polymer brushes
on electrode surfaces has shown interesting improvements in
transport properties due to the generation of clear pathways for
charge transport in the direction normal to the substrate."®®
Experimental evidence suggests that rates of charge injection
and charge harvesting could be also ascribed to the covalent
attachment of conducting polymer to the conducting oxide."®*
In this regard, we should also note that the use of polymer brushes
has proven to be a successful and essential tool for the construc-
tion of optimized bulk heterojunctions relying on the formation of
conducting polymer-nanomaterial heterostructures.'*>

On the other hand, photoelectrochemical production of
fuels using sunlight has greatly depended on the ingenuity
of chemists and materials scientists in devising appropriate
strategies to assemble molecular catalysts for hydrogen evolu-
tion onto semiconducting surfaces. Design and synthesis of
molecular components for enhancing photoelectrochemical
fuel production has been a primary, perennial goal of many
researchers. However, the performance of these molecular
components is sometimes limited when photocorrosion in
aqueous conditions takes place. This is an undesired pheno-
menon as it affects the efficient transfer of photogenerated
carriers at the semiconductor-electrolyte interface. Molecular
modification of semiconductors with polymer brushes has
proven to be a successful strategy not only to confer chemical
stability to the photoelectrode surface but also to optimize
interfacial properties and improve the efficiency of photoelec-
trochemical fuel production. This has been accomplished on
the basis of a combination of attributes of polymer brushes that
include precise surface attachment chemistries, control over
orientation and organization of molecular components, control
of grafting density and surface loading of molecular catalysts,
and modulation of interfacial energetics. In this sense, we
should understand the role of polymer brushes as structural
and functional building blocks efficiently interfacing the mole-
cular components to the semiconductor surface.

Macromolecular assemblies integrating electrocatalytic
materials on electrode surfaces represent an attractive way to
create interfacial architectures with deliberate configurations
suitable for the development of novel electrocatalytic systems
for energy conversion schemes. Electrocatalytic surfaces have
customarily been prepared by solution-casting from their col-
loidal suspensions onto supporting electrodes. Unfortunately,
this simple process is typically accompanied by aggregation of
the nanomaterials that ultimately leads to inhibition of electro-
catalytic active sites as well as hindered mass transport. The use
of polymer brushes as molecular building blocks for such
composite interfacial assemblies is of particular interest because
their structure, thickness, and chemical functionality can be
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exquisitely controlled. We should bear in mind that one of the
most desired features of electrocatalytic platforms is their
ability to attain high current densities in order to produce large
amounts of hydrogen in HER. By and large, this is obtained by
controlling two parameters: the loading of electrocatalytic
nanomaterials into the interfacial architecture, and the effec-
tive electrocatalytic area of the electrode surface. Hence, control
over film thickness (dimensional control), modulation of poly-
mer matrix hydrophilicity (optimization of solvent transport)
and good nanomaterial dispersion in the nanocomposite layer
(optimization of active sites) are key aspects to consider if we
are to successfully design a hybrid electrocatalytic composite.
Because of their intrinsic capabilities, polymer brushes are able
to fulfill these requirements and offer a unique opportunity
for the optimization of electrocatalytic surfaces through the
fabrication of structurally controlled and well-defined nano-
architected 3D films.

Our ability to manipulate active materials at the nanoscale
or even molecular level is raising expectations for the perfor-
mance of energy storage and conversion devices. The new
horizons provided by polymer brushes appear very wide and
the future offers the prospect of many developments. In this
sense, it is clear that continual effort is essential to convert the
concepts discussed in this review into real-world technologies.

In summary, this work has provided a broad description of
relevant examples of practical uses of polymer brushes in
sustainable energy-related applications. We hope that every
reader can find stimulation for further exploration of this most
inspiring research topic with certain wonder, surprise and
curiosity, just after reading these pages.
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