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Abstract
This review discusses the use of atom transfer radical poly-
merization (ATRP), a controlled radical polymerization method,
to modify electrode surfaces and create functional materials for
electrochemical applications. The benefits of using ATRP-based
polymers are highlighted for the fabrication of supercapacitors,
electrocatalysts, and ultrasensitive electrochemical sensors.
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Introduction
Modifying electrode surfaces with polymers enabled the
creation of functional materials with applications in
(bio)sensing, catalysis, and energy storage. Several
different approaches can be used to modify electrodes
with polymers, including electrografting [1], self-
assembly [2], and electrodeposition [3].

Atom transfer radical polymerization (ATRP) is a
controlled radical polymerization that enables the syn-
thesis of polymers with a controlled architecture [4].
This polymerization method is used to attach polymer

layers to electrode surfaces to control their properties.
The process is known as surface-initiated ATRP (SI-
www.sciencedirect.com
ATRP) when the polymer is grown on a surface func-
tionalized with an initiator [5].

ATRP is often catalyzed by Cu complexes with amine
ligands (L), and the reaction involves three

steps (Figure 1a).

1. Activation: The polymerization is initiated by the re-
action between CuILþ and a carbon-halogen bond
(CeCl or CeBr), which serves as the initiation site for
the polymerization. This step can be performed from a
surface-bound molecule, from a soluble initiator, or
from the chain end of a pre-formed polymer. During
the activation step, the carbon-halogen bond is
homolytically cleaved to form a carbon radical.

2. Propagation: The radical attacks a monomer molecule

(M), causing it to become a radical as well. This new
radical then propagates the chain reaction as in a
traditional radical polymerization.

3. Deactivation: The propagating radical reacts with X-
CuIILþ to reform the carbon-halogen bond of a
“dormant” chain end. This deactivates chain growth
and reforms the activator catalyst CuILþ.
During an ATRP, steps 1-2-3 repeat multiple times until
the desired molecular weight is reached. Multiple acti-
vation/deactivation cycles are enabled by the revers-
ibility of the halogen atom transfer between the
transition metal catalyst and the growing polymer chain.
This control allows for the synthesis of polymers with
predictable molecular weight and architecture, and low
dispersity (Đ < 1.5) [6].

If minute amounts of catalyst are used, ATRP can slow
down or stop because of the accumulation of X-CuIILþ.
This issue can be circumvented if Cu(II) is continuously
reduced to Cu(I), the activator form of the catalyst
(Figure 1b). This can be accomplished by chemical
reducing agents (as in ARGET ATRP) [7,8], zerovalent
metals (as in SARA ATRP) [9,10], light (as in photo-
ATRP) [11,12], or electrons (as in electrochemically-
mediated ATRP, eATRP) [13,14].

Electrochemically mediated atom transfer radical poly-
merization (eATRP) allows for convenient control over
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Figure 1

(a) Mechanism of ATRP; (b) mechanism of ATRP with continuous (re)generation of the CuIL+ activator; (c) exemplified effect of applied potential, Eapp, on
the polymerization kinetics in eATRP. Colored dots on the voltammogram correspond to different Eapp values, and they are color-coded with the kinetic
lines and with the time interval of the ON/OFF periods. (d) Examples of anchoring groups and initiators on carbon (left) and on gold (right). Thionaphtalene
acts as a polymer diluent to ensure electrode conductivity and surface uniformity. (e) AFM of the surface texture of poly(3-sulfopropyl methacrylate)
grafted on a gold electrode; taken with permission from Ref. [18]).
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the polymerization process by tuning the applied po-
tential or current (Figure 1c) [15e17]. This makes it a
useful method for modifying electrode surfaces, allow-
ing for the synthesis of materials with tailored properties
for various applications such as electrochemical sensors,
supercapacitors, and electrocatalysts. Typically, an
electrode is modified with an ATRP initiator molecules,

and polymerization is started upon electrochemical
reduction of Cu(II) to Cu(I) at the electrode surface.
Polymer thickness can vary from a few nm to a few
hundred nm. A diluent, i.e., a non-reactive surface site,
can be added to avoid blockage of the electrode due to
the surface growth of polymer chains (Figure 1d) [18].
This results in less than 100% grafting density, which is
suitable for electrochemical applications due to
lower impedance.

Electrode modification using ATRP and eATRP is a

useful tool for designing and producing functional ma-
terials with customized properties. It enables the
Current Opinion in Electrochemistry 2023, 40:101313
creation of advanced materials, including electro-
chemical sensors, supercapacitors (SCs), and electro-
catalysts. This technology opens up new possibilities for
developing novel materials with tailored features. The
application of ATRP in Li batteries has been reviewed
elsewhere [19].

Supercapacitors
Supercapacitors have gained attention due to their high
power density, long life cycle, and environmentally
friendly nature. They bridge the gap between traditional
capacitors and fuel cells/batteries. Supercapacitors are
classified based on their mode of operation: i) Electro-
chemicalDoubleLayerCapacitors (EDLCs) use carbon as
the electrode material and store charge through the for-

mation of an electrochemical double layer (non-Faradaic
process); ii) Pseudocapacitors use metal oxides (MOs) or
conducting polymers (CPs) as electrode material, and
store charge through redox reactions (Faradaic process);
iii) Hybrid SCs combine carbon with MOs or CPs.
www.sciencedirect.com
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ATRP-based polymers have been used to improve the
performance and stability of all classes of super-
capacitors. The hydrophobicity of some carbonaceous
electrodes limits the performance of EDLCs by
impeding the diffusion of electrolyte ions in the near-
interface region of the electrode. To address this issue,
hydrophilic polymers were grafted onto the surface of
porous carbon structures, resulting in a 4-fold increase in

specific capacitance compared to bare carbon. Poly(vinyl
pyrrolidone) (PVP) was found to be the best performer
in this regard (Figure 2a and b) [20]. Grafting PVP onto
carbon aerogels also showed a 2.5-fold increase in
capacitance and improved the dispersibility and pro-
cessability of carbon precursor particles [21].

The common method for modifying carbon materials
with ATRP polymers involves a first step of surface
oxidation (using HNO3 and CH3COOH), which ex-
poses eOH and eCOOH groups on the surface,

followed by anchoring of the ATRP initiator, typically
isobutyryl bromide (Figure 1d). Finally, a suitable poly-
mer is grafted through Cu-based ATRP, often using the
eATRP method.
Figure 2

(a) Schematic illustration of a carbon electrode grafted with a polymer brush;
highlights the performance improvement; taken with permission from Ref. [20
grafted polymer, PVA, conductive polymer, and boronic acid groups; (d) The
permission from Ref. [27].

www.sciencedirect.com
Block copolymers prepared through ATRP have
improved the processability of precursor MO and carbon
dot nanoparticles used in supercapacitors. The use of
polystyrene-b-polyacrylonitrile as an efficient particle
dispersant for ZnO nanoparticles resulted in a uniformly
dispersed electrode material with enhanced cycle sta-
bility [22]. Polystyrene-b-poly(acrylic acid) micelles
were utilized as both dispersants and templating agents

for carbon dots [23].

Hybrid SCs and pseudocapacitors based on CPs are
plagued by a stability issue, caused by the continuous
swelling of the CPs during cycling. In terms of cycle
stability, polymers covalently grafted via ATRP outper-
form polymers commonly deposited on electrodes
[24e26]. Stretchable and self-healing SCs have also
been prepared with this approach: A flexible copolymer
containing a conducting polythiophene polymer, poly(-
acrylic acid) (PAA), and poly(vinyl alcohol) (PVA) could

self-heal under mild pressure, recovering 80% of the
original capacitance (Figure 2c and d) [27]. The rapid
self-healing properties were attributed to hydrogen
(b) Galvanostatic charge/discharge curves at 1.0 A/g; the orange arrow
]. (c) The ‘‘sandwich’’ structure of a supercapacitor composed of ATRP-
green LEDs were lighted up after a cutting-healing cycle; taken with
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Figure 3

(a) Preparation of a gold electrode modified with Mb-imprinted polymer; (b) DPV curves recorded on the modified electrode for 5 mM [Fe(CN)6]
4- in

PBS + 0.1 M KCl after rebinding with Mb at concentrations: 0, 10−12, 10−11, up to 10−1 mg/mL); (c) calibration plot for Mb sensing of the electrode; taken
with permission from Ref. [37]. (d) Preparation of an electrochemical biosensor for tumor biomarkers; (e) SWV curves for various AFP concentrations and
the calibration curve; taken with permission from Ref. [44].

4 Surface Electrochemistry (2023)
bonds between the hydroxyl groups from PVA and the
carboxylic acid groups from PAA-grafted-thiophene.
Electrochemical sensors
Electrochemical sensors are widely used for the inves-
tigation of biological, pharmaceutical, industrial, and
environmental species because of their high sensitivity,
low cost, rapidity of response, and ease of miniaturiza-
tion [28]. Biosensors are designed to detect biological
analytes and are crucial in clinical diagnosis and

biomedical research. Indeed, the development of highly
sensitive electrochemical biosensors for early diagnosis
and monitoring of cancer via specific tumor markers is an
area of intense research [29]. Since, however, achieving
early diagnosis requires ultrasensitive biosensors, various
signal amplification strategies have been developed to
improve the sensitivity of biosensors to detect trace
substances. The performance of an electrochemical
sensor can be improved by appropriately functionalizing
the electrode material. Metal nanoparticles, carbon-
based nanomaterials, and their hybrid composites

endow the electrode with a high specific surface area,
significantly enhancing the current and hence the
sensitivity of the sensor [30].
Current Opinion in Electrochemistry 2023, 40:101313
Another signal amplification approach is to use polymer-
modified electrodes [31e36]. Electrical signal amplifi-
cation is due to the attachment or preconcentration of a
large number of redox centers on polymer chains
immobilized on the electrode surface.

The most used method of polymer grafting on the
electrode is via ATRP. Two techniques have been
developed to prepare ultrasensitive electrochemical
sensors based on polymer-modified electrodes. One
approach, mainly developed by Sun and co-workers
[31,35e43], is based on molecular imprinting technol-
ogy. Molecularly-imprinted polymers (MIPs) are pre-
pared in such a way that they act as receptors able to
recognize and bind target molecules. The MIP-modified
electrode is prepared by surface-initiated ATRP (often

eATRP) of functional monomers based on acrylates,
methacrylates and acrylamide, together with a cross-
linking monomer and a target template. The template
is then removed so that chemically and spatially com-
plementary voids (imprints) capable of recombining the
target template are left in the polymer network
(Figure 3a). To increase the electrode surface area, MIPs
are constructed on nanostructured electrode materials.
The target molecule is analyzed by differential pulse
www.sciencedirect.com
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voltammetry (DPV) of a redox probe, such as
[Fe(CN)6]

4-, before and after rebinding the imprinted
polymer with the target analyte. Determination of the
analyte concentration is based on the construction of a
calibration curve (Figure 3b and c) and, depending on
type of analyte and sensor, detection limit values ranging
from 10�8 mg/L down to 10�14 mg/L were reported.

An example of MIP-modified electrode preparation is
reported in Figure 3 together with its DPV response [37].
A suspension of three-dimensional foam graphene (3DG)
was drop-casted on the surface of a clean Au electrode.
Gold nanoparticles (AuNPs) were then electrodeposited
on the Au/3DG surface. The Au/3DG/nAu electrode was
then functionalized with 4-mercapto-2-bromo-2-
methylpropionate as ATRP initiator and placed in the
ATRP mixture containing 2-(methylsulphonyl) ethyl
acrylate, N,N0-methylenebisacrylamide as a cross-linking
agent, and myoglobin (Mb) as both ATRP catalyst and

template molecule. Polymerization was performed by
eATRP at the reduction potential of Fe(III) in Mb.
During eATRP, the Au/3DG/nAu electrode was discon-
nected while graphene nanoplatelet deposited on glassy
carbon served as the working electrode. After polymeri-
zation and Mb removal, a highly sensitive Mb sensor
electrode was obtained (Figure 3b and c).

A second approach for signal amplification involves the
immobilization of an electroactive polymer bearing a
large number of redox centers [32e35,44e46]. Typi-
cally, the target biomolecule (DNA, RNA, proteins, etc.)
is directly or indirectly attached to an electrode via a
bioaffinity element, which is then functionalized with
an initiator, followed by ATRP of an electroactive
monomer such as ferrocenylmethyl methacrylate
(FcMMA). An example of this approach is reported in
Figure 3d for the preparation of an electrochemical
biosensor for glycoprotein tumor biomarkers [44].
Biomarker alphafetoprotein (AFP) was attached to a
DNA aptamer-modified gold electrode. Then, an alkyl
halide initiator for ATRP was attached to AFP, followed
by copper-catalyzed eATRP of FcMMA. Square wave

voltammetry (SWV) was used to detect the ferrocene
(Fc) moieties of the polymer attached to the AFP
biomarker. The SWV signal increased with increasing
concentration of AFP as a higher quantity of the target
biomolecule was incorporated on the electrode resulting
in the recruitment of more Fc detection tags during
eATRP. The observed detection limit for AFP was
3.2 � 10�13 g/mL. This approach was used for the
preparation of ultrasensitive biosensors for miRNA
[32,33], T-DNA [45], prostate-specific antigen (PSA)
[46], and carcinoembryonic antigen [47].
Electrocatalysis
In the field of electrocatalysis, ATRP finds applications
in the preparation of electrocatalytic materials modified
www.sciencedirect.com
with well-defined polymers, especially for water split-
ting and oxygen reduction reaction (ORR). Sewell et al.
used polymer-capped spinel CoFe2O4 NPs (CFO NPs)
as electrocatalysts for oxygen evolution reaction (OER)
[48]. By employing as nanoreactors star-like poly(acrylic
acid)-b-polystyrene or poly(acrylic acid)-b-poly(-
ethylene oxide), NPs permanently ligated with poly-
mers were successfully prepared and drop-casted on

glassy carbon (GC). These materials showed electro-
catalytic activities similar to those achieved with other
CFO-based electrocatalysts [49]. To avoid aggregation
of NPs into larger clusters, capping with ligands is a
commonly used strategy. This may, however, reduce the
electrocatalytic activity of the materials by limiting
substrate access to the catalytic surface. In this work,
the negative impact of surface-capping polymers on
electrocatalysis was found to be mitigated by controlling
the properties of the polymer.

Truong et al. proposed an electrode based on polymer
brushes ionic liquid (IL) as a bifunctional catalyst for
ORR and OER [50]. The electrode was prepared by SI-
ATRP of N-methyl-N0-vinylimidazolium bis(trifluoro-
methane)sulfonimide on a GC support. The as-prepared
electrode (poly(IL)/GC) showed good electrocatalytic
activity for ORR and poor activity for OER. When
however commercial Pt/C was drop-casted on poly(IL)/
GC, a remarkable synergetic effect was observed. The
hybrid Pt/C/poly(IL)/GC catalyst showed better per-
formance, in terms of both E1/2 and current density, than

Pt/C for both ORR and OER. A positive E1/2 shift of
40 mV together with 10% j enhancement and a decrease
of Tafel slope from 59 mV dec�1 to 54 mV dec�1 were
observed on passing from Pt/C to Pt/C/pol(IL)/GC. The
enhanced activity is thought to arise from improvement
of the interface between the Pt/C and the GC support
thanks to a lower charge transfer resistance through the
poly(IL) and improved dispersion of the Pt catalyst.

Another hybrid ORR catalyst incorporating an IL
copolymer has been reported by Yoon and co-workers
[51]. PdPt@Pt and Mo-doped PdPt@Pt core-shell

octahedra, consisting of a PdPt alloy core and 2�3 Pt
atom shell layers were prepared. The Mo-doping was
mainly segregated on surface vertexes and edges, lead-
ing to a highly active material. The catalyst was then
integrated with an ionic block copolymer-doped
reduced graphene oxide (IG) (Figure 4a). Analysis of
the electrocatalytic activity for ORR and catalyst dura-
bility showed exceptional performance for Mo-doped
PdPt@Pt/IG with significant positive shift of E1/2 and
larger specific and mass activities as compared to com-
mercial Pt/C and other materials that did not incorpo-

rate all components of the Mo-doped electrode
(Figure 4b). Additionally, the MoePdPt@Pt/IG sub-
stantially maintained high activities after 104 cycles of
intensive durability testing.
Current Opinion in Electrochemistry 2023, 40:101313
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Figure 4

(a) Schematic illustration for the plausible morphology forming mechanism of the Mo–PdPt@Pt/IG; (b) linear sweep voltammetry of O2-saturated 0.1 M
HClO4 at a rotating disk electrode at a rotation rate of 1600 rpm and v = 10 mV/s, and specific and mass activities calculated at 0.9 V vs RHE; taken with
permission from Ref. [51].
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Polymer-modification technologies were also applied to
the hydrogen evolution reaction (HER) [52,53]. Hack-

ett et al. applied ATRP to prepare polymer-modified
PtNPs for HER. Two layers of poly(3,4-
ethylenedioxythiophene) (PEDOT) and poly(3,4-
ethylenedioxythiophene)methyl 2-bromopropanoate)
were deposited on gold-coated glass slides by cyclic
voltammetry in two steps [52]. Then, poly(t-butyl
acrylate) (PBA) was grafted on the electrode via ATRP
and converted to PEDOT-g-PAA. Last, both PEDOT
and PEDOT-g-PAA were used as support to prepare
electrodes decorated with PtNPs via electrodeposition.
The electrocatalytic performance of the PEDOT-g-PAA/
Pt for HER was tested at different Pt loadings and
compared with commercial Pt/C and various other HER
electrocatalysts. The values of j0 (mA cm�2), honset (mV
vs RHE) at 1 mA cm�2 and Tafel slope (mV dec�1)
obtained in 0.5 M H2SO4 were �89, 161, and 79 for
PEDOT-g-PAA/Pt to be compared with �47, 30 and
1220 for Pt/C. Notably, whilst preparation of the elec-
trode was very simple and required a small Pt load, it
provided good performance comparable to that of many
electrocatalytic materials for HER.

Stern et al. used SI-ATRP to prepare polymer brushes
with variable heights, grafting densities, and site den-
sities, and employed them to assemble MoSx�polymer
composites on highly oriented pyrolytic graphite as
electrocatalyst for HER [53]. The composite catalyst
exhibited superior turnover frequency than most pre-
viously reported nanostructured molybdenum sulfide
catalysts. The role of the polymer brushes is to direct a
3D assembly of the MoSx catalyst without limiting the
conductivity of the material.

Polymer-functionalized materials were also investigated

as electrocatalysts for methanol oxidation. Kim and co-
workers showed that bimetallic core@shell NPs based
Current Opinion in Electrochemistry 2023, 40:101313
on AuNPs functionalized with poly(4-vinylpyridine)
present electrocatalytic activity for methanol oxidation

[54]. More recently, reduced graphene oxide-poly-(2-
(dimethylamino)ethyl methacrylate)-Pt/Ag nanoscrolls
were prepared and tested as electrocatalysts for meth-
anol oxidation; they showed good electrochemical per-
formance with significant contribution from the polymer
in terms of long-term stability and electrochemical
surface area, which makes them promising electro-
catalysts for direct methanol fuel cells [55].

Besides energy-oriented applications, research on ATRP
modification of electrocatalytic materials is very limited.

Feng et al. reported a gold electrode modified with
polymer brushes incorporating a hydrogel with horse-
radish peroxidase (HRP) for the electrocatalytic oxida-
tion of cysteine [56]. Ion-bonded poly(1-vinyl-3-
propionate imidazolium bromide)/chitosan hydrogel of
bar-like structure with uniform distribution was grown
from Au surface via surface-initiated ATRP. When HRP
was immobilized in the hydrogel by putting a few drops
of the enzyme solution on the hydrogel and allowing it
to rehydrate, an electrode with good performance for
cysteine oxidation was obtained.
Conclusions
Modification of electrode surfaces with polymers to
improve their behavior has been an area of intense
research for a long time. Use of ATRP in this context is
relatively new but rapidly growing because of its ability

for surface modification with polymeric materials of
well-defined architecture and composition. One of the
most promising areas of research in this field is the
development of polymer-modified electrodes for use in
biosensing applications. By immobilizing biomolecules
such as enzymes, antibodies, or DNA onto the polymer-
modified electrode, it is possible to create highly se-
lective and ultrasensitive biosensors that can detect
www.sciencedirect.com
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specific biomolecules in complex biological samples.
The development of earth-abundant electrocatalysts for
water splitting and ORR for fuel cell and metal-air
battery applications is another area of research that
can exploit ATRP. Several studies have already shown
significant improvements in performance and stability
for composite electrode materials with polymers.
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