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Abstract

This contribution describes the formation of nanostructured thin film organic
radical cathodes. First, the self-assembly of poly(styrene)-block-poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA-b-PS) diblock copolymers is
detailed. In order to improve the nano-morphology of the immiscible PTMA
and PS domains, the effect of thermal and solvent annealing is investigated.
The formation of thin films with different morphologies such as cylindrical or
lamellar nanostructures is observed depending on the processing conditions. The
electrochemical properties of the nanostructured films are further investigated to
assess the redox activity of the PTMA domains. Cyclic voltammetry of PTMA-b-
PS diblock copolymers, either in dissolved or thin film supported configuration,
confirms the reversible redox behavior of the nitroxide radical. Galvanostatic
cycling of the thin film nanostructured cathodes reveals good capacity retention
with fast charge/discharge response resulting from ef...
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1
Nanostructured organic radical cathodes from self-
assembled nitroxide-containing block copolymer
thin films

G. Hauffman, A. Vlad, T. Janoschka, U. S. Schubert
and J.-F. Gohy*

Nanostructured thin film organic radical cathodes have been
prepared from poly(styrene)-block-poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate) diblock
copolymers.
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Nanostructured1 organic radical cathodes from self-
assembled nitroxide-containing block copolymer
thin films†

G. Hauffman,a A. Vlad,a T. Janoschka,bc U. S. Schubertbc and J.-F. Gohy*a2

This contribution describes the formation of nanostructured thin film organic radical cathodes. First, the

self-assembly of poly(styrene)-block-poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA-b-

PS) diblock copolymers is detailed. In order to improve the nano-morphology of the immiscible PTMA

and PS domains, the effect of thermal and solvent annealing is investigated. The formation of thin films

with different morphologies such as cylindrical or lamellar nanostructures is observed depending on the

processing conditions. The electrochemical properties of the nanostructured films are further

investigated to assess the redox activity of the PTMA domains. Cyclic voltammetry of PTMA-b-PS diblock

copolymers, either in dissolved or thin film supported configuration, confirms the reversible redox

behavior of the nitroxide radical. Galvanostatic cycling of the thin film nanostructured cathodes reveals

good capacity retention with fast charge/discharge response resulting from efficient charge and ion

transfer as well as structural integrity. Such nanostructured organic radical cathodes provide

opportunities for the fabrication of new generation nanostructured organic radical battery architectures.

Introduction

Due to an ever increasing demand for portable energy storage
solutions, interest in organic radical batteries (ORBs) has burst
out over the past decade.1–3 Indeed ORBs, when compared to
classical Li-ion batteries, do not need environmentally unfriendly
and resources-limited transition metal compounds.4 Moreover,
ORBs are exible, allow rapid charge/discharge processes and are
based on potentially unlimited organic resources.5

In this context, this contribution focuses on organic radical
cathode (ORC) materials based on poly(2,2,6,6-tetramethylpipe-
ridinyloxy methacrylate) (PTMA). PTMA is a methacrylate
bearing the 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) moiety, a
well-known stable persistent radical. The stable nitroxide
present in the PTMA moiety presents a at charge/discharge
voltage prole at 3.6 V (vs. Li+/Li) with a theoretical capacity of
111 mA h g�1. PTMA has been originally studied as a cathode
material by Hasegawa et al.6 in 2002 with further developments
being proposed by Nishide and Suga.7,8 PTMA is usually
produced by free radical polymerisation (FRP) of 2,2,6,6-

tetramethylpiperidin-4-yl methacrylate (TMPM) followed by its
oxidation to PTMA, and combined with conductive carbons and
poly(vinylidene uoride) (PVDF) to form the positive elec-
trodes.9–14 Besides PTMA, many other redox polymers have been
considered as potential candidates for ORBs. In this respect, a
wide variety of polymers bearing stable radicals is now avail-
able.8,15–21 Moreover, by changing the surroundings of the
nitroxide group e.g. by adding an electron-withdrawing group
next to it, it is also possible to stabilise the n-type redox pair
between the nitroxide radical and the aminoxyl anion, giving an
organic radical anode.22–26 The recent developments in
controlled radical polymerization (CRP) techniques for the
polymerization of TMPM have allowed the synthesis of well-
dened PTMA with controlled molar mass and molar mass
dispersity (ĐM) lower than 1.5.27–30 This advance has promoted
the development of hybrid materials with PTMA graed onto
different surfaces such as silica nanoparticles, ITO substrates
and carbon nanotubes.31–34Nishide et al.went further by graing
a block copolymer of TEMPO and glycidyl methacrylate onto an
ITO substrate, leading to a polymer layer, with a thickness in the
micrometre range, exhibiting a good storage capacity with good
charge diffusivity.35 This work provides a good example of the
synergy that can be obtained using block copolymers with
different properties. Another approach consists of using self-
assembled block copolymers as templates in order to incorpo-
rate a TEMPO substituted ionic liquid, as demonstrated by
Nishide et al.36

Surprisingly only a few reports have investigated the possi-
bility opened by the CRP of TMPM for the formation of diblock
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Louvain, Place L. Pasteur, 1, Louvain-la-Neuve, Belgium3

bLaboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller

University Jena, Humboldtstrasse 10, 07743 Jena, Germany
cCenter for Energy and Environmental Chemistry Jena (CEEC Jena), Friedrich Schiller

University Jena, Philosophenweg 7a, 07743 Jena, Germany

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c5ta05823f

Cite this: DOI: 10.1039/c5ta05823f

Received 28th July 2015
Accepted 17th August 2015

DOI: 10.1039/c5ta05823f

www.rsc.org/MaterialsA

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, xx, 1–7 | 1

1

5

10

15

20

25

30

35

40

45

50

1

5

10

15

20

25

30

35

40

45

50

Journal of
Materials Chemistry A

PAPER



copolymers with a stable nitroxide radical bearing block and the
subsequent self-assembly study.

Concerning self-assembly in solution, amphiphilic block
copolymers bearing stable nitroxyl radicals have been used to
form micelles in aqueous media.37 We previously reported the
formation of electrochemically active micelles with a poly-
styrene (PS) insoluble core and PTMA soluble coronal chains
using PTMA-b-PS diblock copolymers dissolved in commonly
used Li-ion battery electrolytes.38

For self-assembly in thin lms, Boudouris et al. reported the
possibility to form thin lms with tailored morphologies from
polydimethylsiloxane-block-PTMA (PDMS-b-PTMA) diblock
copolymers using solvent vapour annealing in CHCl3.39 In 2014,
Nishide and Suga reported the synthesis of pendant radical- and
ion-containing block copolymers. The self-assembled thin lms
exhibit different morphologies from spheres to inverse spheres
and were used as an active layer in a diode-structured thin-lm
device, combining the redox-active radicals of one block to the
charge-compensating ions of the other one.40 More recently, Ober
et al. reported the formation of cylindrical morphologies using
block copolymers with a block of PTMA and different blocks of
uorinated and non-uorinated methacrylates. They demon-
strated that phase separation aer thermal or solvent annealing
only occurs for block copolymers with uorinated blocks.41 This
contribution provides further advance with respect to control of
PTMA-b-PS diblock copolymer self-assembly in thin lms. PS was
selected as a stable, electrochemically inert and battery electrolyte
insoluble polymer block. We demonstrate the controlled acqui-
sition of different morphologies from cylindrical to lamellar. We
also conrm that the domain size depends on the molar mass of
the used block copolymer. In the second part, the electrochemical
properties of such thin lms are investigated andwe demonstrate
the possibility to perform different electrochemical measure-
ments directly on lms thinner than 100 nm. The accordingly
obtained thin lms can be considered as a regular array of nano-
sized PTMA ORCs embedded in a supporting PS matrix.

Experimental part
Materials

N,N-Dimethylformamide (DMF, VWR, HyperSolv Chromanorm
for HPLC), diethyl carbonate (DEC, Aldrich, 99%), acetonitrile
(VWR, HyperSolv Chromanorm for HPLC), tetrahydrofuran
(Aldrich, Normapur), silver nitrate (Belfolabo) and tetrabuty-
lammoniumperchlorate (TBAClO4; Fluka) were used as received.

Instrumentation

Proton nuclear magnetic resonance (1H NMR) spectra were
acquired on a 300MHz Bruker Avance II or on a 500MHz Bruker
Avance II. Molar masses (Mn) and molar mass dispersity (ĐM)
were measured on an Agilent size exclusion chromatography
(SEC) system equipped with an Agilent 1100/1200 pump (25 �C;
eluent: chloroform : triethylamine : 2-isopropanol (94 : 4 : 2);
ow rate: 1 mLmin�1), an Agilent differential refractometer and
two PSS SDV columns (beads 10 mm; porosity of column 1:
10 000 Å; porosity of column 2: 1000 Å). The calibration was

performed using polystyrene standards. Electron spin reso-
nance (ESR) spectra were acquired on an EMXmicro CW-EPR
spectrometer (Bruker, Germany) from powdered samples. The
SpinCount™ soware module was used for quantitative exper-
iments. Rapid thermal annealing (RTA) was performed using a
MILA-5000 Lamp Heating Unit from ULVAC. Atomic force
microscopy (AFM) was performed on a Digital Instruments
Nanoscope V scanning force microscope in tapping mode using
NCL cantilevers (Si, 48 N m�1, 330 kHz, Nanosensors). Cyclic
voltammetry was performed using a CH Instruments potentio-
stat CHI 660B. Charge/discharge tests were performed using an
ARBIN Instrument Battery Tester, BT-2043. A Pt-disk working
electrode (CHI102), Pt wire counter electrode (CHI115) and dry
Ag/Ag+ non-aqueous reference electrode (CHI112) come from
CH Instruments, Inc.

Polymer synthesis

PTMA-b-PS diblock copolymers were synthesised as previously
described in ref. 28.

Degree of oxidation measurement

Electron spin resonance (ESR) spectra were acquired on an
EMXmicro CW-EPR spectrometer (EMX micro EMM-6/1/9-VT
control unit, ER 070 magnet, EMX premium ER04 X-band
microwave bridge equipped with a EMX standard resonator,
EMX080 power unit) by Bruker, Germany. Powdered samples
(�4 mg) were investigated at room temperature and data
handling was done on the Bruker Xenon soware package,
version 1.1b86. For quantitative experiments the SpinCount™
soware module was used and the SpinCount calculated as the
average of three measurements. The degree of oxidation is
determined by the ratio between the spin/mg value obtained by
ESR and the NO/mg value theoretically calculated for a polymer
with a theoretical degree of oxidation of 100%, considering that
one nitroxide group corresponds to one electron spin in ESR.

Thin lm preparation

Spin coating. Polymer thin lms were spin-coated onto
silicon chips or ITO substrates of 1 cm2 for AFM imaging.
Silicon wafers were sonicated 15 min in acetone, rinsed with
Milli-Q water, washed 30min in piranha solution (3 : 1 of H2SO4

98%/H2O2 30% solution) and rinsed in Milli-Q water. The
substrates were dried by spin-coating at a rotation rate at
2000 rpm during 20 s. ITO substrates of 1 cm2 were washed
15 min in acetone and dried by spin coating at a rotation rate of
2000 rpm during 20 s. Filtered (0.2 mm PTFE) polymer solutions
(10 mg of polymer per 1 mL of THF) were spin-coated at a rate of
2000 rpm during 40 s. The lm thicknesses were determined by
rst scratching the lm and then measuring the height prole
by atomic force microscopy (AFM).

General procedure for the thermal annealing process.
Samples were placed in a sealed glass case lled with argon. The
case was le for 24 h in an oven at 200 �C.

General procedure for the rapid thermal annealing process.
Rapid thermal annealing was performed inside a MILA-5000
heating unit with a nitrogen ux of 8 L min�1. A ramp of 10 s
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was applied in order to reach the target temperature (190 �C). A
60 s plateau was applied at the target temperature. Finally, the
heating was stopped and the sample was cooled to 40 �C before
opening the furnace.

General procedure for the solvent annealing process.
Samples were placed in a glass case (135 mm diameter, 70 mm
height) with two beakers containing 5 mL of solvent each. M
beakers are 36 mm wide; L beakers are 45 mm wide. A weight is
placed on the glass in order to keep the system hermetic. Aer
the desired time the glass is removed in order to leave the
samples to dry.

UV crosslinking. PTMA-b-PS thin lms on ITO substrates
were placed under three Rayonet photochemical reactor UV
lamps emitting at 253 nm during 30 min. The distance to the
lamps was about 3 cm.

Electrochemical measurements

Preparation of the Ag/Ag+ non-aqueous reference electrode.
A non-aqueous Ag/Ag+ reference electrode with a porous Teon
tip was lled with a solution composed of 0.01 M AgNO3 and
0.1 M TBAClO4 in acetonitrile.

Typical procedure for cyclic voltammetry in solution. The
analysed component (PTMA-b-PS or ferrocene) was dissolved
into the electrolyte solution (0.1 M TBAClO4 in acetonitrile) in
order to obtain a 0.1 M solution. A three electrode setup with a
Pt disk working electrode, a Pt wire counter electrode and the
previously prepared Ag/Ag+ reference electrode was used to
record the voltammogram.

Typical procedure for electrochemical characterisation of
the PTMA-b-PS thin lm on ITO substrates. Cyclic voltammetry
was performed using a three electrode system with the PTMA-b-
PS thin lm deposited onto an ITO substrate as the working
electrode, a Pt wire as the counter electrode and the previously
prepared Ag/Ag+ reference electrode into 0.1 M TBAClO4 in
acetonitrile solution electrolyte.

Results and discussion
PTMA-b-PS block copolymer synthesis

PTMA-b-PS diblock copolymers were synthesized using a previ-
ously reported synthetic process.28 In brief, a rst block of
PTMPM was polymerized by atom transfer radical

polymerization (ATRP) and used as a macroinitiator for the
formation of the PS block. Finally, the PTMPM block was
oxidized into PTMA using meta-chloroperbenzoic acid (mCPBA).
This controlled polymerisation technique leads to block copoly-
mers with a controlled molar mass and narrow ĐM. The charac-
teristic features of the PTMA-b-PS further used for the self-
assembly studies are described in Table 1. The degrees of poly-
merization (DP) of the PTMPM and PS blocks were determined by
1H-NMR. Number-averaged molar masses (Mn) were determined
by gel permeation chromatography (GPC) using a PS calibration
and the degrees of oxidation were determined by electron spin
resonance (ESR) spectroscopy. The synthesized block copolymers
show a degree of oxidation varying from 50 to 95%. The ESR
spectra present a broad signal at 3512 G, which is typical for
polymers bearing nitroxide radicals (Fig. 1).

Our objective is to obtain self-assembled thin lms with
cylinders of PTMA embedded in a PS matrix. Indeed, due to the
solubility of PTMA in Li-ion battery electrolytes, a matrix of
insoluble PS is suitable. Moreover, the PS matrix will add
structural integrity to the cathode thin lm. At the same time,
continuity between the PTMA domains and the current collector
is a prerequisite. According to these criteria cylindrical domains
perpendicular to the current collector are preferred to spherical
ones. It is generally admitted for block copolymer self-assembly
processes in thin lms that the cylindrical morphology is
obtained upon using a block copolymer with a volume fraction
(fv) of the minor block comprised between 20 and 30%.42,43 Due
to the undetermined density of PTMA, fv has been approximated
to the mass ratio. According to this, the mass ratio of the PTMA
block in the studied PTMA-b-PS block copolymers has been
varied between 18 and 45 wt%.

Self-assembly of PTMA-b-PS in thin lms

Thin lms, with a thickness of approximately 80 nm, were
prepared by spin coating PTMA-b-PS solutions (10 mg mL�1)
onto 1 cm2 silicon chips. Phase separation is not always
observed in the thin lm aer spin coating (Fig. 2a). Indeed,
annealing procedures are oen required in order to let the
polymer chains to reorganize and reach a conguration closer
to the thermodynamic equilibrium, increasing the phase sepa-
ration.26–29 The annealing thus allows for getting thin lms
showing better dened nanodomains in terms of size and

Table 1 Summary of PTMA-b-PS characteristic features

Mn
a

(g mol�1) ĐM
b

PTMA ratio
(weight%)

Degree of
oxidationc (%)

PTMA32–PS336 42 900 1.17 18 50
PTMA42–PS323 43 900 1.20 23 75
PTMA56–PS362 51 300 1.25 27 80
PTMA79–PS502 71 300 1.31 27 95
PTMA42–PS208 32 000 1.15 32 80
PTMA42–PS120 22 000 1.19 45 61

a Calculated from the 1H NMR data. b Determined from GPC using PS
standards. c Determined by ESR.

Fig. 1 ESR spectrum (X-band) of PTMA32-b-PS336.
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shape, regularly distributed in the thin lms with well-
developed short and long range ordering. Furthermore, a
careful control of the annealing conditions can allow the
control of the orientation of the nanodomains in the thin
lms.26–29 Two distinct annealing methods are mostly used to
reach these goals. The rst one, thermal annealing, consists of
increasing the temperature of the thin lms in order to over-
come the glass transition (Tg) of the polymer blocks and hence
to increase their mobility. The second one, solvent annealing,
consists of exposing the thin lms to vapours of good solvents
for the polymer blocks in order to swell them and allow the
mobility of polymer chains.

Both annealing techniques were investigated but thermal
annealing as well as rapid thermal annealing44 gave disappointing
results (see ESI† section for further details). Solvent vapour
annealing was investigated next. In the rst step, different
solvents were tested. It appears that the presence of two different
solvents, each of them being placed in a distinct beaker in the
controlled environment used for annealing (see the Experimental
part), is more efficient than the use of one solvent alone. Best
phase separation was obtained for the annealing realized in the
presence of both dimethylformamide (DMF) and diethylcar-
bonate (DEC) (Fig. 2c). Indeed, DMF selectively swells the PS block
while DEC is a selective solvent of the PTMA block. Therefore,
mobility is imparted to both PS and PTMA chains during the

annealing process. Under such conditions, circular domains with
an average diameter of 19 nm are visualized by AFM on top of the
thin lms. These domains could either correspond to spheres or
to the apex of cylinders perpendicular to the lm surface.
However, due to the weight ratio of PTMA (23 wt%) in the starting
block copolymer, they most likely correspond to perpendicularly
oriented cylinders. Such a conguration is commonly observed in
solvent annealed thin lms with a cylindrical morphology and
results from an alignment of the nanodomains with the solvent
front as it evaporates at the end of the annealing process.44–47 The
cylindrical morphology in thin lms can take two different
orientations: parallel to the surface or perpendicular to the
surface. The orientation is usually driven by the interfacial
interactions between the polymer lm and its surrounding,
e.g. the lm/substrate interface and the lm/air (or solvent
vapours) interface. The observed perpendicular orientation for
annealing with DMF/DEC indicates that both blocks present the
same interfacial interactions.48 On the other side, solvent
annealing with DEC/H2O shows a cylindrical morphology with
cylinders parallel to the surface (Fig. 2b). Since the lm/substrate
interface has not changed, the orientation shi can be attributed
to the lm/solvent vapour interface. Indeed, the PS selective
solvent (DMF) has been changed for an unselective one (H2O),
changing the domain orientation. The annealing time is also
recognized as a key factor.49 Indeed, time is required to enable a
good swelling of the polymer lm, permitting PTMA and PS
chains to move and rearrange. As shown in Fig. 3 an increase in
annealing time results in an increase of the phase separation
extent with at least 6 h of annealing needed to reach the optimum
structuration. As expected, the weight ratio of PTMA in the
copolymer is also an important parameter that allows tuning of
the morphology in the thin lm. In this respect, different
morphologies, from spherical to lamellar, have been observed,
depending on the weight ratio of PTMA. A higher PTMA weight
ratio induces a lamellar morphology, as illustrated in Fig. 4, in
which a ngerprint texture – typical to a lamellar morphology – is
observed. Self-assembled morphologies are known to depend on
two factors: the volume fraction (fv), which has been discussed via
the weight ratio structure dependence, and the Flory–Huggins
parameter (c). In the present study, the varying degree of oxida-
tion (from 50 to 95%) is thought to inuence the Flory–Huggins
parameter. Indeed, PTMPM and PTMA are expected to have

Fig. 2 AFM height images of PTMA42-b-PS323 thin films with 23 wt% of
PTMA under different solvent annealing conditions during 6 h. (a) Thin
film after spin coating without solvent annealing; (b) thin film after
annealing with DEC (L) and H2O (M); (c) thin film after annealing with
DMF (L) and DEC (M).

Fig. 3 AFM height images of PTMA32-b-PS336 thin films after annealing with DMF (L) and DEC (M) during different times. From no solvent
annealing effect (left) to a strong solvent annealing effect after 8 h (right).
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different polarities, i.e. c parameters, and this should inuence
the extent of phase separation with the PS block. Therefore, it has
to be kept in mind that the c parameter is competing with the
volume fraction during the self-assembly process.

The characteristic domain size is directly related to the total
molar mass of the block copolymer. As shown in Fig. 5, the
domains grow larger, the longer the copolymer is at a constant
weight ratio. The estimated average size of the domains shis
from 20.9 nm for Mn ¼ 51 300 to 29.7 nm for Mn ¼ 71 300
g mol�1, corresponding to an increase of 42% in domain size.
Such an increase in domain size correlated with the DP increase
points out towards the strong segregation limit regime with Déq

proportional to N2/3.50

Finally, the inuence of the substrate onto which the thin
lms have been prepared has been also investigated. Even if the
detailed self-assembly study presented above was performed on
silicon substrates, for electrochemical application, higher
conductivities of the current collector are required. The change
of the substrate from silicon to ITO minimally affects the self-
assembly morphology.

Electrochemical analysis

The electrochemical tests were performed in a three electrode
conguration with an Ag/Ag+ non-aqueous reference electrode,

Fig. 4 AFM height images of PTMA-b-PS thin films with different weight ratios of PTMA after annealing with DMF (L) and DEC (M) during 6 h. See
Table 1 for the polymer characteristic features.

Fig. 5 AFM height images of PTMA-b-PS thin films with different Mn

(indicated in the image in gmol�1) for a same PTMAweight ratio of 27%
after annealing with DMF (L) and DEC (M) during 6 h (L ¼ 45 mm
diameter beaker, M ¼ 36 mm diameter beaker). See Table 1 for poly-
mer characteristic features.

Fig. 6 Cyclic voltammogram of PTMA79-b-PS502 (0.1 mV s�1; working ¼ Pt disk (left) or ITO substrate (right); counter ¼ Pt wire; ref. ¼ Ag/Ag+

(0.01 M AgNO3 + 0.1 M TBAClO4) electrolyte¼ 0.1 M TBAClO4 in CH3CN
4 ). (a) PTMA-b-PS in solution; (b) PTMA-b-PS thin film (potential vs. Li/Li+

calculated).

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, xx, 1–7 | 5
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a Pt wire counter electrode and a solution of tetrabuty-
lammonium perchlorate (TBAClO4) in acetonitrile as the
electrolyte.

First, the redox behaviour of PTMA-b-PS copolymers dis-
solved in acetonitrile was analysed by cyclic voltammetry. A pair
of redox peaks centred at 0.46 V vs. Ag/Ag+ and corresponding to
the reversible oxidation of the free nitroxide radicals into
oxoammonium cations was observed. Since the value of the
redox potential against a Ag/Ag+ reference electrode in organic
media shis depending on the solvent, electrolyte and concen-
tration used, a calibration was required.51 Ferrocene was used as
an external standard and presents a potential of 0.11 V vs. used
Ag/Ag+ reference electrode (Fig. 6a). The potential of ferrocene
has been reported to be ca. 3.22 V vs. lithium in carbonate-based
electrolytes.52 This gives us a potential of 3.57 V vs. Li/Li+ for the
PTMA-b-PS copolymers investigated here, which is coherent with
values previously described in the literature.7,8

Cyclic voltammetry of a PTMA-b-PS thin lm applied onto an
ITO substrate was further performed. In order to avoid any
dissolution of the thin lm during electrochemical tests, the PS
matrix was cross-linked by UV light irradiation at 253 nm during
30 min. The typical redox wave response of PTMA has been
detected. The intensity of the measured current increases with
the number of cycles, before reaching a maximum (Fig. 6b).
This behaviour can be explained by a progressive swelling of the
PS conned PTMA domains by the electrolyte upon cycling,
allowing more electrochemically active sites to be reached.

Finally, constant current galvanostatic cycling tests have
been performed on PTMA-b-PS thin lms. A rapid charge/
discharge process was required in order to avoid self-
discharge, which was observed at a slower rate. Indeed, due to
the reduced amount of active material present in a thin lm
compared to its high surface, self-discharge is a challenging
issue. The capacity retention plot shows a good retention of
capacity over time (Fig. 7). Similar to cyclic voltammetry
experiments, an increase in capacity is observed during the rst
cycles and is attributed to the swelling of the thin lm by the
electrolyte. Charge/discharge proles reveal a plateau around
0.48 V vs. Ag/Ag+ in both charge and discharge which is coherent

with the PTMA behavior and a requirement for battery appli-
cation in order to deliver a constant voltage.

Conclusions

A nanostructured organic radical cathode was prepared by the
self-assembly of PTMA-b-PS diblock copolymers in thin lms.
In order to control the phase separation morphology, the effect
of thermal and solvent annealing was investigated. Thermal
annealing appeared to be inefficient; therefore, solvent
annealing was used and resulted in the formation of thin lms
with different morphologies such as lamellar or cylindrical.
PTMA-b-PS thin lms with perpendicularly oriented cylinders
of PTMA inside a PS matrix were further investigated. Thanks
to the UV crosslinked PS matrix, PTMA dissolution into the
battery electrolyte was avoided and enhanced mechanical
integrity of the cathode is expected. At the same time,
perpendicularly oriented PTMA cylinders allow continuity
between the electrochemical active moieties and the ITO
current collector. The choice of the solvent used for annealing
is a key parameter in order to obtain the desired morphology.
The simultaneous use of DMF and DEC gave the best results for
our system. The electrochemical activity of PTMA-b-PS using a
three electrode setup has been demonstrated. Cyclic voltam-
metry of the polymer in solution and in the thin lm was
recorded displaying the typical behaviour of PTMA. In thin
lms, charge/discharge measurements and capacity retention
plot were also performed. This work opens a new eld of
research on ORBs using block copolymers. Indeed, nano-
batteries can nd applications in microelectronic devices. Even
if the PS is an electrochemically inactive material, this work
paves the way towards other block copolymers where the PS
moiety can be replaced by another material allowing a synergy
with PTMA, such as a conductive polymer.

Acknowledgements

G. H. is grateful to FRIA for nancial support. J. F. G. and A. V.
acknowledge the Walloon Region for nancial support in the

Fig. 7 Electrochemical characterization of a PTMA79-b-PS502 thin film deposited onto an ITO substrate and cross-linked by UV for 45 min.
Current applied: 23.7 mA cm�2. Left: Capacity retention plot; right: charge/discharge voltage profile.

6 | J. Mater. Chem. A, 2015, xx, 1–7 This journal is © The Royal Society of Chemistry 2015

Journal of Materials Chemistry A Paper

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55



frame of the Programme d'Excellence 1318146 BATWAL and the
CfB for support in the frame of the ARC 14/19-057 BATTAB. USS
and TJ thank the Thuringia Ministry for Economy, Science and
Digital Society (TMWWdG) as well as the Fonds der Chem-
ischen Industrie for nancial support.

Notes and references

1 Y. Liang, Z. Tao and J. Chen, Adv. Energy Mater., 2012, 2, 742–
769.

2 T. Janoschka, M. D. Hager and U. S. Schubert, Adv. Mater.,
2012, 24, 6397–6409.

3 M. Suguro, A. Mori, S. Iwasa, K. Nakahara and K. Nakano,
Macromol. Chem. Phys., 2009, 210, 1402–1407.

4 M. Armand and J.-M. Tarascon, Nature, 2008, 451, 652–657.
5 K. Oyaizu and H. Nishide, Adv. Mater., 2009, 21, 2339–2344.
6 K. Nakahara, S. Iwasa, M. Satoh, Y. Morioka, J. Iriyama,
M. Suguro and E. Hasegawa, Chem. Phys. Lett., 2002, 359,
351–354.

7 H. Nishide, S. Iwasa, Y.-J. Pu, T. Suga, K. Nakahara and
M. Satoh, Electrochim. Acta, 2004, 50, 827–831.

8 H. Nishide and T. Suga, Electrochem. Soc. Interface, 2005, 32–
36, Winter.

9 K. Nakahara, J. Iriyama, S. Iwasa, M. Suguro, M. Satoh and
E. Cairns, J. Power Sources, 2007, 165, 870–873.

10 K. Nakahara, J. Iriyama, S. Iwasa, M. Suguro, M. Satoh and
E. Cairns, J. Power Sources, 2007, 163, 1110–1113.

11 K. Nakahara, J. Iriyama, S. Iwasa, M. Suguro, M. Satoh and
E. Cairns, J. Power Sources, 2007, 165, 398–402.

12 H. Li, Y. Zou and Y. Xia, Electrochim. Acta, 2007, 52, 2153–
2157.

13 A. Vlad, N. Singh, J. Rolland, S. Melinte, P. M. Ajayan and
J.-F. Gohy, Sci. Rep., 2014, 4, 4315.

14 A. Vlad, J. Rolland, G. Hauffman, B. Ernould and J.-F. Gohy,
ChemSusChem, 2015, 1348, DOI: 10.1002/cssc.2015002465 .

15 T. Suga, S. Takeuchi, T. Ozaki, M. Sakata, K. Oyaizu and
H. Nishide, Chem. Lett., 2009, 38, 1160–1161.

16 Y. Yonekuta, T. Kurata and H. Nishide, J. Photopolym. Sci.
Technol., 2005, 18, 39–40.

17 T. Sukegawa, A. Kai, K. Oyaizu and H. Nishide,
Macromolecules, 2013, 46, 1361–1367.

18 K. Nakahara, K. Oyaizu and H. Nishide, Chem. Lett., 2011, 40,
222–227.

19 U. S. Schubert, Polymer, 2015, 68, 308–309.
20 P. Nesvadba, L. Bugnon, P. Maire and P. Novák, Chem.

Mater., 2010, 22, 783–788.
21 E. P. Tomlinson, M. E. Hay and B. W. Boudouris,

Macromolecules, 2014, 47, 6145–6158.
22 T. Suga, Y.-J. Pu, S. Kasatori and H. Nishide,Macromolecules,

2007, 40, 3167–3173.
23 B. T. Suga, H. Ohshiro, S. Sugita, K. Oyaizu and H. Nishide,

2009, 8555, 1627–16306 .
24 T. Suga, S. Sugita, H. Ohshiro, K. Oyaizu and H. Nishide, Adv.

Mater., 2011, 23, 751–754.
25 T. Suga and H. Nishide, ACS Symp. Ser., 2012, 1096, 45–53.
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