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ymer/carbon nanotube hybrid
materials for energy storage synthesized via
a “grafting to” approach†

Bruno Ernould,a Olivier Bertrand,a Andrea Minoia,c Roberto Lazzaroni,c

Alexandru Vladb and Jean-François Gohy*a

This paper describes the synthesis and characterization of a new hybrid material based on poly(2,2,6,6-

tetramethylpiperidin-1-oxyl-4-yl methacrylate) (PTMA) for lithium battery applications. Our strategy relies

on the anchoring of nitroxide-embedding polymer chains onto multi-walled carbon nanotubes (MWCNTs).

The resulting hybrid material (MWCNT-g-PTMA) not only prevents the solubilization of the PTMA active

material but also benefits from its structural design aspects. The MWCNT-g-PTMA structure confers high

performances thanks to the precise distribution of the PTMA redox material with respect to the MWCNT

conductive network, as confirmed by molecular modeling simulations of the polymer/MWCNT interface.

Physicochemical characterizations are evidence of the success of MWCNT-g-PTMA synthesis with

a polymer loading up to 30 wt%. Electrochemical analysis shows the potential of MWCNT-g-PTMA as

a battery material, with a capacity reaching 85% of the theoretical value, a good cyclability (retention > 80%

after 150 cycles) and excellent power performances (capacity at 60C exceeding 65% of the nominal value).
Introduction

In our ever more electronic, connected and mobile world,
numerous technologies of everyday life rely on working princi-
ples requiring materials exhibiting, for instance, light emission,
electrochromism or electrical to chemical energy conversion.
However, the devices based on these principles are oen
inherently linked to the use of metals that raise environmental
concerns about their extraction, use/reuse and end-of-life
management. Hence, more sustainable developments in our
society should draw attention to alternatives that will lower the
environmental impact. Among these alternatives, organic elec-
troactive materials have the potential to give birth to disruptive
technologies.1 The recent increase in research in this area can
be explained by the fact that organic materials are based on
sciences (IMCN), Bio- and So Matter

vain, Place L. Pasteur 1, B-1348,

ncois.gohy@uclouvain.be

sciences (IMCN), Division of Molecules,

tholique de Louvain, Place L. Pasteur 1/

s, University of Mons – UMONS, Place du

n (ESI) available: Instrumentation;
ination of PTMA derivatives; 1H NMR
-PazPMA3.6; SEC chromatograms of all
T-IR spectra of PTMPM37-b-PazPMA2.5

an of the MWCNT-g-PTMA60 material;
apacity retention plot for the control

hemistry 2017
abundant resources and that their synthesis can be designed to
be less expensive in terms of energy consumption and waste
management.2,3 For these reasons, organic electroactive mate-
rials have gained major interest for energy storage applications.

Regarding electrochemical energy storage, batteries and
supercapacitors are the main classes of technologies imple-
mented nowadays in autonomous devices. Considered as
a mature technology, lithium-ion batteries (LIBs) are usually
implemented wherever the energy density is the key parameter,
rather than the power density. Oppositely electrochemical
capacitors – better known as supercapacitors – offer consider-
ably higher power density but at the expense of the energy
density. In between these technologies, there is clearly a need
for technologies balancing the power and energy densities. In
particular, an emerging class of devices came up to ll the gap,
namely the organic radical batteries (ORBs).3,4 In an ORB, an
organic radical acts as the electroactive component, typically on
the cathodic side. One of the most studied materials is
poly(2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl methacrylate)
(PTMA), a polymer bearing stable nitroxide radicals as side
groups.1,3 During the charge process, the nitroxide side groups
can be oxidized to oxoammonium cations, with the reverse
process occurring during the discharge process. As a main
benet, PTMA-based cathodic materials for lithium batteries
can display high charge/discharge rate capabilities (compared
to classical transition metal oxides for LIBs)3,5 along with an
interesting high electrochemical potential (3.6 V vs. Li/Li+).4,6

Yet, PTMA suffers from good solubility in standard commercial
electrolytes7 and from its electric insulating behavior.3,4 To
RSC Adv., 2017, 7, 17301–17310 | 17301
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overcome these issues, the formulation of PTMA-based elec-
trodes oen incorporates a large amount of conductive carbon
additives (60 to 80 wt%)3 to adsorb soluble species and support
charge transport. Although adsorption reduces the solubiliza-
tion, the process is not irreversible. Preventing long-term
capacity fading still remains an issue.8 To address this, several
solutions have been proposed, including cross-linking of the
polymer,8–10 PTMA anchoring on insoluble substrates (ITO
surface and silica particles)11–13 or nanostructured PTMA-based
block copolymers incorporating an insoluble phase-segregated
sequence.14

In the present contribution we are proposing an original
graing strategy that provides chemical anchoring between
polymer chains andmulti-walled carbon nanotubes (MWCNTs),
with the extra advantage of favoring charge transfer and
collection due the intimate contact between the two materials.
Compared to our previous report on the “graing from”

approach,15 we report here on a “graing to” strategy that offers
a more convergent and efficient pathway to achieve covalent
bonding between PTMA and MWCNTs. Previous reports about
graing have demonstrated that strong interactions between
carbon nanotubes (CNTs) and the polymer are essential to take
full advantage of the nitroxide ultrafast redox process.15,16 In
other words, electroactive graed materials provide higher
power performances while maintaining the same conductive
material content, thanks to robust charge storage and efficient
charge transfer. Practically, our strategy relies on the synthesis
of a functional polymer that is able to react at the MWCNT
surface. As highlighted in the literature, covalent CNT surface
modication oen requires some pre-functionalization steps.17

Efficiency-wise, the rst step is usually an attack on the sp2

carbon side-walls by means of a very reactive species, thus
generating sites for the next steps of surface modication.
Fig. 1 Strategy for the “grafting to” synthesis of PTMA covalently ancho

17302 | RSC Adv., 2017, 7, 17301–17310
These sites can be exploited to introduce moieties of interest so
as to perform covalent anchoring of the functional polymer.

The strategy chosen here takes the benets of a controlled
polymerization technique that we reported earlier in order to
obtain a functional block copolymer.18 This copolymer incor-
porates a PTMA sequence along with a sequence bearing azide
functional groups. Introducing alkyne groups at the MWCNT
surface then enables the anchoring of the block copolymer via
the well-known copper-catalyzed azide–alkyne cycloaddition
(CuAAC; Fig. 1). This strategy yields the graed material
MWCNT-g-PTMA with a PTMA content up to 30 wt% while
offering superior electrochemical performance with respect to
a more traditional blend of PTMA/MWCNTs.

In order to gain a better understanding of the nature and
strength of the PTMA/MWCNT interactions and the
morphology of the interface, we have investigated model
systems for the interface by means of quantum chemical and
molecular modeling simulations.
Experimental
Materials

Triethylamine (analytical reagent grade, Fischer Scientic) was
distilled over CaH2 under an argon atmosphere. Multi-walled
carbon nanotubes (MWCNTs) NC7000 were kindly provided
by Nanocyl. SOCl2 (99.5+%, Fisher Scientic), HNO3 (65%,
AnalaR NORMAPUR, VWR Chemicals), anhydrous toluene
(extra dry, 99.85%, over molecular sieves, AcroSeal, Acros
Organics), propargyl alcohol (99%, Acros), isopropanol (IPA,
99%, Acros), sodium azide (99.9%, Acros), methacryloyl chlo-
ride (97%, containing �200 ppm MEHQ, Sigma-Aldrich), CuCl
(99.999%, Aldrich), CuBr2 (99.999%, Aldrich), 2,2,6,6-
tetramethyl-4-piperidyl methacrylate (TMPM, >98%, TCI),
red on MWCNTs (MWCNT-g-PTMA).

This journal is © The Royal Society of Chemistry 2017
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N,N,N0,N00,N00-pentamethyldiethylenetriamine (PMDETA, 98%,
Aldrich), Na2WO4$2H2O (purum, $99%, Sigma-Aldrich), ethyl-
enediaminetetraacetic acid disodium salt dihydrate (EDTA,
99+%, ACS reagent, Acros), anisole (99%, Acros), tris(benzyl-
triazolylmethyl)amine (TBTA, >97.0%, TCI), 1-methyl-2-
pyrrolidone (NMP, >99.0%, TCI) and all other chemicals were
used as received.
Synthesis procedures

MWCNT oxidation. In a 250 mL round-bottom ask,
MWCNTs (1 g) and HNO3 65% (100 mL) were loaded. The
mixture was stirred for 2 h at reux (110 �C). The mixture was
then ltered over a PTFE lter (0.45 mm pore size). The residue
was washed with ultra-pure water until the ltrate reached
neutral pH. The remaining solid (MWCNT–COOH) was dried
under reduced pressure for 24 h at 40 �C.

Preparation of MWCNT–COCl. A 100 mL round-bottom
Schlenk ask was loaded with 100 mg of previously-oxidized
MWCNT–COOH. The content of the ask was degassed under
reduced pressure at 120 �C for 4 h. 40 mL of anhydrous toluene
and 15 mL of SOCl2 were then added to the ask under argon.
The MWCNTs were dispersed by immersing the Schlenk ask
into an ultrasonic bath for 15 min. The reaction was carried out
by heating at 80 �C for 24 h to yield MWCNT–COCl. The recovery
was completed by distillation under reduced pressure until
dryness.

Preparation of MWCNT-alkyne. A 100 mL round-bottom
Schlenk ask was loaded under argon with 100 mg of
MWCNT–COCl, 40 mL of anhydrous toluene, 5 drops of trie-
thylamine and 2.0 g of propargyl alcohol. The ask was sealed
and ultrasonicated for 30 min. The functionalization was
carried out at 100 �C for 24 h. The MWCNT-alkyne samples were
recovered by ltration on a poly(vinylidene uoride) (PVDF)
lter (0.22 mm pore size) and washed three times with 50 mL of
toluene. The remaining solid was dried for 24 h under reduced
pressure at 40 �C.

Synthesis of benzyl-2-bromoisobutyrate (BnBiB). BnBiB was
synthesized as previously described in the literature.18

1H NMR (300 MHz, CDCl3): 6.11 (m, 1H,]CH), 5.58 (m, 1H,
]CH), 4.24 (t, 2H, CH2–O), 3.52 (t, 2H, CH2–N3) and 1.91–2.02
(m, 5H, overlapping CH3–C and C–CH2–C).

Synthesis of 3-azidopropyl methacrylate (AzPMA). AzPMA
was synthesized as previously described in the literature.18,19

1H NMR (300 MHz, CDCl3): 6.10 (m, 1H,]CH), 5.57 (m, 1H,
]CH), 4.24 (t, 2H, CH2–O), 3.42 (t, 2H, CH2–N3) and 1.91–2.02
(m, 5H, overlapping CH3–C and C–CH2–C).

Typical procedure for the synthesis of PTMPM-b-PAzPMA. A
Schlenk tube was lled with BnBiB (35.9 mL, 0.2 mmol, 1 eq.),
IPA (4.06 mL), TMPM (2253 mg, 10 mmol, 50 eq.) and 110 mL of
a solution of CuBr2/PMDETA in IPA (CCu ¼ 20 g L�1; CuBr2:
2.2 mg, 1 � 10�3 mmol, 0.05 eq.; PMDETA: 4.16 mg, 2.4 �
10�2 mmol, 0.12 eq.). This solution was degassed by freeze–
pump–thaw cycling. A magnetic barrel, around which an acti-
vated Cu(0) wire (0.25 mm diameter, 5 cm length) was wound,
was then introduced under argon ux. The solution was
emerged in an oil bath at 40 �C and stirred for 4 h (conv > 99%).
This journal is © The Royal Society of Chemistry 2017
A degassed solution of AzPMA (169 mg, 0.6 mmol, 3 eq.) in IPA
(0.50 mL) was introduced into the Schlenk tube via a cannula.
The solution was stirred in an oil bath at 40 �C for 24 h (conv >
99%). The polymerisation was quenched by quickly cooling the
tube in a water/ice bath and exposing the reaction mixture to
air. The reaction mixture was ltered over basic Al2O3 (eluent:
CH2Cl2). The solvent was removed under reduced pressure. The
residue was precipitated in hexane, ltered and dried under
reduced pressure at 40 �C for 24 h, affording a white solid.

Mn (SEC) ¼ 13 200 g mol�1; Đ (SEC) ¼ 1.20; 1H NMR (300
MHz, CDCl3) PTMPM60-b-PAzPMA3.6: 7.45–7.30 (b, 5H, HAr

chain-end), 5.25–4.90 (b, 60H, CH–O PTMPM), 4.20–3.90 (b,
7.2H, CH2–O PAzPMA), 3.55–3.30 (b, 7.2H, CH2–N3 PAzPMA),
2.20–0.60 (b, 1292H, CH3 + CH2 backbone and side groups).

Typical procedure for the synthesis of PTMA-b-PAzPMA. A
round-bottom ask equipped with a condenser was lled with
PTMPM60-b-PAzPMA3.6 (1000 mg, 4.24 mmol of amine func-
tions, 1 eq.), Na2WO4$2H2O (350 mg, 1.06 mmol, 0.25 eq.),
EDTA (143 mg, 0.64 mmol, 0.15 eq.) and methanol (50 mL). The
solution was stirred at 60 �C for 5 minutes and H2O2 (4.81 mL,
42.4 mmol, 10 eq.) was added dropwise over 60 minutes. The
solution was then stirred at 60 �C for 24 h. The polymer was
extracted using CH2Cl2. The organic phase was dried using
MgSO4. The solvent was removed under reduced pressure. The
residue was precipitated in hexane, ltered and dried in vacuo at
40 �C for 24 h, affording an orange solid (0.75 g).

Mn (SEC)¼ 10 400 g mol�1; Đ (SEC)¼ 1.20; oxidation yield¼
94%.

Typical procedure for the preparation of MWCNT-g-PTMA.
First, a Schlenk ask was loaded with MWCNT-alkyne (20 mg,
7.7 mmol of alkyne functions), PTMA60-b-PAzPMA3.6 (200 mg, 50
mmol of azide functions) and 40 mL of anisole. The resulting
mixture was degassed using argon bubbling while emerged in
an ultrasonic bath for 30 min. CuCl (10 mg, 0.1 mmol) and
a degassed solution of PMDETA (200 mL, 0.95 mmol) in anisole
(10 mL) were loaded into a second Schlenk ask. This mixture
was degassed by 3 freeze–pump–thaw cycles and was added into
the 100 mL round-bottom Schlenk ask containing the
MWCNT-alkyne suspension using a gas-tight syringe. The
reaction mixture was then ultrasonicated for 30 min. The
“graing to” reaction took place under an argon atmosphere at
80 �C for 24 h under ultrasonication. The solid material was
recovered by ltration on a PTFE membrane (0.45 mm pore size)
and successive washings with CH2Cl2, methanol and diethyl
ether. The remaining solid was dried for 24 h under reduced
pressure at 40 �C affording 25 mg of MWCNT-g-PTMA.
Modeling methodology

To investigate the interaction between the radical species and
the nanotube wall, we evaluated the binding energy of a PTMA
monomer interacting with a graphene ake by means of DFT
calculations, using the Gaussian 09 package, and the uwB97xd
functional and 6-31g(d) basis set. The correction for basis set
superposition error has been included in the calculations.

To investigate the morphology of the CNT-g-PTMA interface,
we performed molecular dynamics simulations using the
RSC Adv., 2017, 7, 17301–17310 | 17303
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Materials Studio 7 (MS7) molecular modelling package. In order
to properly describe the TEMPO fragments in the PTMA poly-
mer chains, we improved the standard Amber force eld, as
included in the MS7 package by introducing new force eld
atom types and parameters taken from the work of Stendardo
et al.20 The partial atomic charges for the PTMA monomer units
were calculated by applying the restrained electrostatic poten-
tial (RESP)21 procedure to the potential grid computed for the
PTMA monomer at the HF/6-31g(d) level of theory. Molecular
dynamics (MD) simulations were performed in the NVT or NPT
ensemble, where temperature and pressure were kept constant
by using the Nosé–Hoover thermostat and Parrinello barostat.
For all MD simulations, the time step was set to 1 fs. All polymer
chains modelled were atactic, i.e., statistical PTMA polymer
chains having 37 monomers, for a molecular mass of 8880 g
mol�1. We will refer to these polymer chains as PTMA37. As for
the nanotube, we built a periodic MWCNT composed of seven
concentric tubes, the smallest one being a (44,44) SWNT with
a diameter of about 6 nm, with a tube separation of 0.33 nm.
The resulting MWCNT had 35 113 carbon atoms, a periodic
length of 5.165 nm and its external wall was an armchair
nanotube with a diameter of about 10 nm and it contained 6216
carbon atoms. Knowing the total number of atoms in the whole
MWCNT allows the calculation of a polymer graing density in
the model that matches the experimental value (see below). To
keep the computational effort on a tractable level, only the
external tube was included in the actual simulations of the
polymer/nanotube interface; it was considered as a rigid body,
to account for the MWCNT rigidity.
Electrochemical characterizations

Electrode design. Self-standing electrodes were produced
using a vacuum ltration process over a PVDF lter (pore size
0.45 mm). The ltration device was a Millipore set-up. Pristine
MWCNTs (5.0 mg) were dispersed in butanol (250 mL) using
bath sonication for 30 min. This rst suspension was ltered on
the PVDF lter. A suspension of MWCNT-g-PTMA (20.0 mg in
600 mL of MeOH, bath sonicated for 30 min) was then ltered
over the rst layer formed on the PVDF lter (3.40 cm diameter).
Electrodes were rst dried in ambient air at room temperature
for 2 h, then at 70 �C under vacuum for 24 h. The resulting
material was then cut into discs (0.5 inch diameter, total weight
of 3.50 mg each, overall thickness of 84 mm) for electrochemical
measurements.

Cell assembly. Electrodes were tested in a half-cell congu-
ration using lithium metal foil (99.9%, purchased from Gelon)
as a reference and counter electrode. A porous polyethylene
membrane was purchased from Celgard and used as the sepa-
rator. A mix of ethylene carbonate (EC), diethyl carbonate (DEC)
1 : 1 v/v with 1 M of lithium hexauorophosphate (LiPF6) was
purchased from Solvionic and used as the electrolyte. Cells were
assembled in CR2032 coin cells. All cells were assembled under
an argon atmosphere (<0.1 ppmH2O, <0.1 ppm O2) in an INERT
LAB glovebox. Spare parts for the CR2032 coin cell assembly
were purchased from MTI Corp.
17304 | RSC Adv., 2017, 7, 17301–17310
Electrochemical tests. Cyclic voltammetry (CV) and charge/
discharge tests were conducted using an Arbin Instruments
Battery Tester BT-2043. The electrical conductivity of the elec-
trodes was measured using a 4-point probe station (Lucas Lab
L320) coupled with a Keithley 2410 monitor. The current was
adjusted to keep a constant voltage of 10 mV. The lm thickness
was measured using a Draper Expert digital micrometer.
Results and discussion
Pre-functionalization of MWCNTs into MWCNT-alkyne

As mentioned in the introduction, our “graing to” strategy
benets from our work on the controlled synthesis of the PTMA-
b-PAzPMA functional polymer.18 We demonstrated previously
that copper(0)-mediated reversible-deactivation radical poly-
merization (Cu0-RDRP) is a powerful technique to yield PTMA-b-
PAzPMA, a polymer bearing nitroxides as well as azides as
pendant groups (Fig. 1).

In this contribution, these azide groups are exploited to
generate covalent bonding to the CNT conductive support.
When it comes to azides as coupling moieties, their reacting
counterparts tend to be alkynes in order to create covalent links
under CuAAC conditions.19,22,23 Therefore we built our CNT pre-
functionalization strategy around the formation of these alkyne
functions. This strategy is very similar to the pre-
functionalization procedure reported for surface-initiated
radical polymerization from CNTs.15 The main difference here
lies in the introduction of the alkyne functions instead of
initiating groups leading to alkyne functionalized MWCNTs
(MWCNT-alkyne).

MWCNT-alkyne is prepared via esterication of carboxylic
functions with propargyl alcohol. These carboxylic groups are
generated, among other functions, through oxidation with
nitric acid24 and are activated using SOCl2 prior to their esteri-
cation. Consideration of the reactivity and density of the
anchoring groups led us to use this method as these parameters
can drastically inuence the loading of active PTMA on the
MWCNT-g-PTMA composite.

Monitoring of the pre-functionalization procedure was
carried out at each step using thermogravimetric analyses
(TGA). MWCNT–COOH displays a 3.5 wt% weight loss between
200 �C and 500 �C while pristine MWCNTs show only a little
degradation (1.5 wt%) in the same temperature range. The
higher weight loss for MWCNT–COOH is indicative of the
presence of oxidized functions being generated on the walls of
the MWCNTs.25

Concerning MWCNT-alkyne, the weight loss in the same
temperature region (200–500 �C) amounts to 4.5 wt%. The
difference in weight loss between MWCNT–COOH and
MWCNT-alkyne is attributed to the newly bound propargyl
groups. Based on this weight loss difference (1.0 wt%) and on
the molar mass of the propargyl group (39 g mol�1), the number
of alkyne functions can be evaluated. The calculation leads to
a value of 3 functions per 1000 carbon atoms, which is in
agreement with values reported previously for esterications
performed using comparable procedures.26
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TGA thermograms of MWCNT-g-PTMPM37 and MWCNT-g-
PTMA37 grafted materials. The curve obtained for alkyne-functional-
ized MWCNTs (MWCNT-alkyne) is also shown.
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Synthesis of the PTMA-based polymers

In the context of the present work, we were aiming to obtain
polymers that were able to react efficiently with MWCNT-alkyne
while maximizing the amount of electroactive material (PTMA)
both in the polymer and the resulting MWCNT-g-PTMA
composites. Considering this prerequisite, we designed the
polymers to incorporate a minimum amount of the azide-
containing units (AzPMA). Although controlled techniques
such as SET-LRP or SARA-ARTP have been acknowledged to
afford well-dened polymers, feeding the reaction with a single
AzPMA unit per propagating group does not ensure that every
chain will actually incorporate one azide unit (even if this is
statistically true). For this reason, we fed the medium with 2 to 3
AzPMA monomer molecules per polymer chain, depending on
the targeted degree of polymerization (DP).

For the graing experiments, we synthesized two copoly-
mers, PTMA37-b-PAzPMA2.5 and PTMA60-b-PAzPMA3.6. PTMA35

and PTMA69 homopolymers were also synthesized using the
same Cu0-RDRP technique, as reference ‘dummy’ materials to
highlight the interest of the graing procedure. These homo-
polymers display overall DPs comparable to PTMA37-b-
PAzPMA2.5 and PTMA60-b-PAzPMA3.6.

All the PTMA-based polymers were obtained aer oxidation
of the corresponding PTMPM derivatives with Na2WO4/H2O2.
This chemical oxidation converts the amine functions of the
TMPM units into nitroxides. Table 1 lists some of the charac-
teristics of the PTMA polymers. The degrees of oxidation are
almost quantitative, as evidenced by means of UV-Vis spec-
troscopy using TEMPO-tert-butyrate in CH2Cl2 for calibration
(details about the procedure are provided in the ESI and
Fig. S1†). The degrees of polymerization were determined for
the PTMPM derivatives based on 1H NMR measurements
(Fig. S2 and S3†) and the controlled character of the polymeri-
zation was conrmed through recording the GPC chromato-
grams (low dispersity, Đ < 1.2, Fig. S4†).

Retention of the azide functionality was conrmed using FT-
IR measurements (Fig. S5†). Altogether these characterizations
prove the viability of these copolymers as functional materials
for graing experiments.
Synthesis of MWCNT-g-PTMA via graing to

The PTMA active material loading is one of the key parameters
for the performance of our target material, i.e.MWCNT-g-PTMA.
Table 1 Synthesis of the polymers

Entrya Mn
b [g mol�1] Đb Oxidation yieldc [%]

PTMPM37-b-PAzPMA2.5 6500 1.12 —
PTMA37-b-PAzPMA2.5 6640 1.12 95.2
PTMA60-b-PAzPMA3.6 13 200 1.20 94.0
PTMA35 5800 1.14 95.5
PTMA69 10 900 1.11 96.7

a Determined by 1H NMR on the block copolymer in CDCl3.
b Determined by GPC in CHCl3/IPA/Et3N calibrated with PS standards.
c Determined by UV-Vis using TEMPO-tert-butyrate calibration.

This journal is © The Royal Society of Chemistry 2017
The target is to achieve a loading similar to the common value
in the literature for PTMA composites (i.e. 30 wt%).3 However,
concerning graing to CNTs, reaching such loadings is oen
difficult. Surface functionalization by polymers via a “graing
to” approach can be challenging since the free polymer chains
may have poor access to the surface, with the already anchored
chains masking some of the reacting sites.27 Additionally in the
case of CNTs, their propensity to self-aggregation is another
delicate parameter to handle.

Given these considerations, we optimized the graing
conditions via screening of some relevant parameters, such as
the nature of the polymer (PTMA or PTMPM derivative), the
nature of the ligand for the CuAAC, the reaction solvent, the
polymer to MWCNT-alkyne weight ratio and the DP of the
polymer to gra. TGA measurements were systematically per-
formed to evaluate the inuence of these parameters on the
polymer material loading. As a starting point, some parameters
were set for the graing syntheses, such as the catalyst (CuCl),
the ligand (N,N,N0,N00,N00-pentamethyldiethylenetriamine,
PMDETA) and the relative amount of polymer (200 mg) to
MWCNT-alkyne (20 mg) (weight ratio ¼ 10).

The rst parameter is the nature of the polymer to be graed.
For efficiency reasons, a synthetic pathway is more advanta-
geous when it is convergent. In this regard, the graing would
be more expedient if it were involving PTMA-b-PAzPMA rather
than PTMPM-b-PAzPMA. Incidentally the graing of the former
allows more comprehensive characterization of the polymer
chains.

Nevertheless, one can expect differences between PTMPM
and PTMA in terms of polymer loading in the resulting hybrid
materials. Other things being equal, PTMA37-b-PAzPMA2.5 and
PTMPM37-b-PAzPMA2.5 originating from the same polymeriza-
tion batch were engaged in comparative graing experiments.
The TGAs obtained from both experiments are typical for those
systems and very similar to those obtained previously with our
“graing from” approach (Fig. 2).15 The TGA experiments have
been conducted under a nitrogen ow to avoid degradation of
the MWCNTs and to obtain more reliable results. From the TGA
recordings, the resulting MWCNT-g-PTMA displays a slightly
RSC Adv., 2017, 7, 17301–17310 | 17305
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Fig. 3 Dependence of the polymer to MWCNT-alkyne ratio (w : w) on
the polymer loading in the resulting material. The variation of the ratio
was performed using PTMA37-b-PAzPMA2.5. The polymer loadings
were obtained from the weight losses measured via TGA. The result
obtained with PTMA35 as a dummy polymer is also shown as
a reference.
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higher polymeric content (24.0 wt%) compared to MWCNT-g-
PTMPM (23.7 wt%).‡

Since no benets in terms of loading were observed when
graing PTMPM derivatives, PTMA-b-PAzPMA was chosen as
the polymer to gra.

The catalytic system is oen considered as a critical
parameter for the efficiency of CuAAC. Notably the catalytic
activity can be modulated by the ligand surrounding the metal
center. Though PMDETA is oen chosen, this ligand is not the
most activating for CuAAC by far.23 As an alternative, a graing
synthesis with the more active tris(benzyltriazolylmethyl)amine
ligand (TBTA) was also conducted but it afforded no polymer
loading improvement (23.2 wt% loss).

The surface chemistry of particles is also dependent on the
availability of the surface to the dissolved coupling molecules.
Related to that, the quality of particle dispersion can inuence
the yield of the reaction. N-Methyl-2-pyrrolidone (NMP) is typi-
cally a solvent recognized as an excellent dispersant for
MWCNTs.28 However, the graing experiments using NMP
instead of anisole afforded MWCNT-g-PTMA with no increase in
polymer loading (23.4 wt%). Seemingly the availability of the
surface and the activity of the catalyst are not parameters that
can be changed to permit us to reach towards the 30 wt% target.

The next parameter tested was the polymer to MWCNT-
alkyne weight ratio. The ratios are dened as the mass of
PTMA37-b-PAzPMA2.5 relative to the mass of MWCNT-alkyne
(ranging from 1 to 20). Practically we varied the mass of poly-
mer, while all the other parameters remaining identical. From
the TGAs, the loading of PTMA in the synthesized material
increased with the ratio, as expected (Fig. 3). However, consid-
ering that the highest two ratios tested (10 and 20) presented
very close loading values (24.0 and 24.6 wt%), the polymer
content in the MWCNT-g-PTMA seems to level off at this point.

From these results, we infer that by increasing the amount of
polymer with respect to the substrate, at some stage accessi-
bility to the surface becomes an issue. In other words, the
reacting groups of the polymer may be unable to interact with
the anchoring points on the substrate due to steric hindrance by
the already attached polymer chains. This kind of phenomenon
is well-known when dealing with “graing to” approaches
applied to at substrates29 and seems to also occur with the
present system.

And yet, high surface area materials like MWCNTs are
inherently prone to physisorption phenomena that can some-
times be difficult to distinguish from chemisorption. To settle
this matter, a blank experiment involving a dummy polymer
was conducted. The dummy compound was a linear PTMA35

homopolymer exhibiting a DP close to that of the functional
PTMA37-b-PAzPMA2.5. This PTMA35 was submitted to exactly the
same treatments in the presence of MWCNT-alkyne (ratio w/w¼
10). As for the graing experiments, extensive washing of the
recovered material was performed until no polymer residue
could be found in the ltrate aer evaporation to dryness. The
‡ The weight loss values presented in the “Synthesis of MWCNT-g-PTMA via

graing to” section were obtained for the 200–500 �C temperature range aer
subtraction of the MWCNT-alkyne contribution.

17306 | RSC Adv., 2017, 7, 17301–17310
TGA measurements on the recovered material displayed only
a 3.5 wt% weight loss attributed to physisorbed species (Fig. 3).
The considerably higher weight loss of MWCNT-g-PTMA (24.0
wt%) was then quantitatively accounting for chemically-bound
PTMA.

In another attempt to reach a higher value of active material,
a longer functional polymer was synthesized for the graing
experiments. This PTMA60-b-PAzPMA3.6 polymer was designed
to have the same TMA to AzPMA ratio as PTMA37-b-PAzPMA2.5.
The graing experiment with this longer polymer reached our
expectations, with a polymeric content comparable to the
literature standards (29.5 wt%).

X-ray photoelectron spectroscopy (XPS) was used to assess
the nature of the MWCNT-alkyne and MWCNT-g-PTMA60
materials. The XPS measurements indicated quite distinct
surface elemental and chemical compositions for MWCNT-g-
PTMA60 compared to MWCNT-alkyne. For MWCNT-g-PTMA60,
the N1s, O1s and C1s surface atomic concentrations correspond
to a composition close to the composition of PTMA60-b-
PAzPMA3.6 and distinctly different from the composition of
MWCNT-alkyne (Table 2).

Regarding the line shape, the MWCNT-alkyne C1s signal
presents a pronounced tail typical of oxidized MWCNTs.24 In
contrast, MWCNT-g-PTMA60 exhibits a shoulder more charac-
teristic of pure PTMA (Fig. 4).15 Consistent with this, C1s peak
deconvolution of the hybrid material can be performed
considering the three components corresponding to the O–C]
O, C–(N,O) and C–(C,H) chemical states. Interestingly, the
quantication of these chemical states leads to values very
similar to those expected for PTMA60-b-PAzPMA3.6 (Table 3).
Regarding the N1s signal of our hybrid material, the peak
position (400.5 eV) is consistent with nitrogen bound to other
heteroatoms. Moreover the N1s peak presents a shoulder on the
high-energy side (Fig. S6†). The shape and position of the peak
is consistent with the contribution of triazole rings30 over-
lapping the TMA unit’s signal. The XPS analyses therefore
clearly highlight the presence of the graed polymer in the
hybrid material and are in agreement with a core–shell
This journal is © The Royal Society of Chemistry 2017
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Table 2 Experimental surface atomic concentrations of MWCNT-g-PTMA60 compared to experimental values for MWCNT-alkyne and pre-
dicted values for PTMA60-b-PAzPMA3.6. Peak positions are displayed within brackets

Spectral lines
MWCNT-alkyne MWCNT-g-PTMA60 PTMA60-b-PAzPMA3.6
Found Found Expected

C1s 84.6% (284.8 eV) 80.4% (284.8 eV) 75.7%
O1s 14.7% (532.3 eV) 15.4% (532.5 eV) 17.6%
N1s 0.68% (402.1 eV) 4.2% (400.5 eV) 6.7%

Fig. 4 XPS C1s peaks of MWCNT-g-PTMA60 (left) and MWCNT-alkyne
(right). The components obtained after fitting are displayed for
MWCNT-g-PTMA60.

Table 3 C1s peak fitting results for MWCNT-g-PTMA60 compared to
the expected values for the PTMA60-b-PAzPMA3.6 copolymer.
Component positions are displayed within brackets

Components
MWCNT-g-PTMA60 PTMA60-b-PAzPMA3.6
Found Expected

C–(C,H) 65.9% (284.6 eV) 68.9%
C–(N,O) 26.5% (286.2 eV) 23.2%
O]C–O 7.6% (288.7 eV) 7.9%

Fig. 5 Adsorption geometry for a TEMPO fragment on a graphene
flake, as a model system for the PTMA chain on the nanotube surface.
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structure where the MWCNT XPS signal is hidden by the
surrounding graed polymer.

Structure of the polymer/nanotube interface

To understand in detail how the polymer chains organize at the
interface with the nanotubes, the rst step in the modeling
studies was to investigate how the PTMA functional groups
interact when adsorbed on the nanotube wall. In particular, it is
essential to determine whether, upon interacting with the
nanotube, (i) the radical remains localized on the nitroxide
group of the PTMA unit, (ii) it becomes delocalized on the p-
system of the surface, or (iii) a chemical bond forms between
the NO group and the unsaturated carbon surface. The DFT
results for our model system, i.e., the TEMPO fragment inter-
acting with a graphene ake, showed that even when the
nitroxide group is pointing directly towards the carbon surface
(Fig. 5), there is no formation of a chemical bond nor is there
delocalization of the radical, which remains fully localized on
the nitroxide group. Those groups therefore remain available
for redox processes.

This is due to the fact that the nitroxide moiety is “protected”
by the four methyl groups, which keep the oxygen atom in the
This journal is © The Royal Society of Chemistry 2017
NO group about 0.3 nm above the carbon surface, hence sup-
pressing any direct, strong interaction between the two species.
Consistent with this, the interaction between the molecule and
the carbon surface is mainly due to CH–p interactions.

As the second step, we modeled the intrinsic behavior of the
PTMA37 polymer chain. For that purpose, we performed a 500
ps-long molecular dynamics (MDs) simulation at 300 K to
determine the capability of the polymer chain to coil on itself.
The time evolution of the radius of gyration calculated for the
polymer chain using the MDs simulation (Fig. 6) shows that
PTMA37 has no strong tendency to fold on itself, meaning that
the chain is rather rigid and linear.

This is probably due to steric hindrance between the TEMPO
lateral groups in the monomer units and the atactic nature of
the polymer chain, which does not favor the formation of
organized, compact conformations (under the same conditions
a polyethylene chain with the same backbone length folds
readily).

As the nal step, we modeled the CNT-g-PTMA37 graed
system. Based on the experimental composition of the
composite (24 wt% in polymer), we graed 15 PTMA37 polymer
chains to a 5 nm-long periodic unit cell of the model nanotube
surface. Because of the high graing density and the rigidity of
the polymer chains, we performed a series of MD simulation
runs in order to better explore the potential energy landscape of
the system: rst, a 1 ns-long MD simulation was run at 600 K,
followed by a geometry minimization and a 500 ps MD run at
300 K. Fig. 7 shows the nal morphology of the system: all the
PTMA37 chains are mostly in an extended conformation,
stretching roughly perpendicular from the nanotube surface
RSC Adv., 2017, 7, 17301–17310 | 17307
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Fig. 6 Evolution of the radius of gyration for a single PTMA37 polymer
chain in a vacuum (NPT MD run). A typical conformation for the PTMA
chain is shown on the graph, with the polymer backbone highlighted in
purple.
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into the surrounding medium. This organization appears to be
particularly favorable in real systems because it allows for effi-
cient interactions between each chain and both the carbon
nanotube surface and the surrounding electrolyte phase.
Moreover, this organization is also in perfect agreement with
the experimental results that show that non-graed PTMA (the
dummy sample previously described in this contribution) is not
physisorbed or wrapped around the CNT. This further justies
the need to chemically gra PTMA onto CNTs in order to obtain
useful electrode materials.
Electrochemical characterizations

To proceed with the electrochemical measurements, the
MWCNT-g-PTMA60 material required processing. The process-
ing relied on a vacuum ltration method31,32 that we applied
successfully in our previous work.15 More specically, this
ltration method allows the formation of MWCNT mats
(buckypaper), which are obtained by successive ltrations of
a rst dispersion of pristine MWCNTs, followed by a second
Fig. 7 CNT-g-PTMA37 system. The polymer chain backbones are
color coded in purple.

17308 | RSC Adv., 2017, 7, 17301–17310
dispersion of the MWCNT-g-PTMA material. The rst layer of
pristine MWCNTs acts as a current collector and also permits
the easy peeling of the fabric from the lter at the end of the
process. Compared to our previous work, the MWCNTs for the
current collector layer were kept to a minimal amount. The
mixture of NMP and CH2Cl2 that was used previously as the
dispersion medium for the active material here was replaced by
the more benign solvent methanol.

For comparison purposes, control electrodes were also
prepared via a more traditional coating method (details about
the preparation of which are provided in the ESI†). The coating
on aluminum foils was carried out by spreading a slurry
composed of the PTMA69 homopolymer, pristine MWCNTs and
PVDF (30/60/10, w : w : w).

The electrodes made of one type of active material, MWCNT-
g-PTMA or PTMA69, were then assembled in a half-cell cong-
uration vs. Li/Li+ in order to carry out the electrochemical
characterization.

Cyclic voltammetry measurements were rst performed to
conrm the redox response of the MWCNT-g-PTMA electrodes
(Fig. 8). As expected, cycling revealed a pair of clean and sharp
redox peaks centered around 3.6 V, with the peak during the
forward scan corresponding to the oxidation of the nitroxide
into the oxoammonium cation.33 The reverse scan displays the
cathodic peak corresponding to the reduction of the system.
Aer the rst cycle, the redox response was fully stable with
a narrow peak-to-peak separation (DEp < 100 mV).

The cyclability of the MWCNT-g-PTMA electrode was evalu-
ated by means of galvanostatic charge/discharge measurements
at a constant rate of C/2 (55.5 mA g�1; 1C rate ¼ 111 mA g�1).
During the rst three conditioning cycles, a slight drop of the
capacity was observed, which was attributed to irreversible
processes (Fig. 9). Aerwards the capacity tends to stabilize at
94 mA h g�1, i.e. 85% of the theoretical 111 mA h g�1. This value
is consistent with the expected 104 mA h g�1 taking into
account the oxidation yield (94%) of PTMPM60-b-AzPMA3.6 into
PTMA60-b-PAzPMA3.6.

Furthermore a good capacity retention was also observed
aer 150 cycles, with 80 mA h g�1 still being available (>80% of
the nominal value). In contrast, the control electrode behaves
Fig. 8 Cyclic voltammograms of the MWCNT-g-PTMA60 electrode at
0.2 mV s�1 (EC/DEC 1 : 1 v/v; 1 M LiPF6).

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Cycle stability of MWCNT-g-PTMA60 at a rate of C/2 over 150
cycles (EC/DEC 1 : 1 in volume; 1 M LiPF6).

Fig. 11 Comparison of theMWCNT-g-PTMA60 and control composite
electrodes on the basis of their capacity retention at various C rates
(EC/DEC 1 : 1 in volume; 1 M LiPF6).
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much less efficiently under the same conditions (Fig. S7†). Aer
the irreversible drop of the rst conditioning cycles, the control
electrode still displayed a pronounced fade in capacity over
a few tens of cycles. Aer cycle 40, the capacity tends to stabilize
at a value of 42 mA h g�1. This lack of performance compared to
the graed material is most probably related to the fact that the
active material is not immobilized.8 The control electrodes
made of PTMA69 untethered chains are likely subject to struc-
tural changes and the loss of active material through solubili-
zation while in contact with the electrolyte solution, i.e., two
processes that can be detrimental to the cycling performance.

The power capability of the electrodes was evaluated via
galvanostatic measurements at variable rates (Fig. 10). The
MWCNT-g-PTMA electrode displayed relatively good perfor-
mances, the capacity being only slightly affected when
increasing the rate from C to 10C. With regards to the charge–
discharge proles, the typical plateau of PTMA centered at 3.6 V
(vs. Li/Li+)10 was only affected by polarization (<100 mV) for all
rates up to 10C. Even at the highest rate of 60C (charge or
discharge < 1 min), more than 65% of the nominal capacity was
still available (61 mA h g�1) while the above mentioned plateau
was still maintained. These rate performances underline the
good electron transfer properties of the electrode made of the
hybrid material. The electrode integrity aer the rate capability
measurements was conrmed by cycling back the electrode to
lower current densities. Under these conditions the electrode
Fig. 10 Charge–discharge curves of the MWCNT-g-PTMA60 elec-
trode at various C rates (EC/DEC 1 : 1 in volume; 1 M LiPF6).

This journal is © The Royal Society of Chemistry 2017
displayed an appreciable recovery, obtaining nearly the same
capacity as previously at the same current density.

From a power performance standpoint, the control and
MWCNT-g-PTMA composite electrodes were also compared on
the basis of their capacity retention at various C rates, as
depicted in Fig. 11 (the capacities are normalized with respect to
the capacity obtained at C/2). Again the comparison clearly
points to MWCNT-g-PTMA offering more superior rate capa-
bilities. The power performances of PTMA-based systems rely
strongly on the electron transfer between the conductive charge
and the active material9,15,34 but they can also depend on the
conductivity of the overall system.35 The electrical conductivity
was evaluated for both systems via 4-point probe measure-
ments. The conductivity is 53 S cm�1 and 28 S cm�1 for the
MWCNT-g-PTMA electrode and the control electrode, respec-
tively. These values are within the same order of magnitude and
cannot be solely accounting for the difference in power perfor-
mances. Seemingly the higher level of homogeneity of the
graed material results in an improved support for the redox
reactions by the conductive charge, as already pointed out in
previous studies.9,15

In every electrochemical aspect, the graed material
MWCNT-g-PTMA thus offers advantageous performances
thanks to the precise distribution and anchoring of the active
polymer around the conductive support.
Conclusions

This work presents an original strategy towards the successful
synthesis of a MWCNT-g-PTMA hybrid material via a “graing
to” approach. The strategy takes the benets of the synthesis of
the PTMA-b-PAzPMA functional polymer via Cu0-RDRP. This
polymer contains nitroxide as well as azide functionalities, the
latter being involved in the tethering of the chains to the
MWCNT surface. Notably, this approach allows the full char-
acterization of the polymer prior to graing, in particular the
oxidation yield. The physicochemical characterization of the
hybrid materials is consistent with their core–shell structures
RSC Adv., 2017, 7, 17301–17310 | 17309
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and demonstrates an incorporation of the electroactive polymer
up to 30 wt%. Molecular modeling shows that in the core–shell
structure, the graed PTMA chains are not wrapped around the
nanotubes but strongly extend from the nanotube surface into
the surrounding medium, which is expected to favor interac-
tions with the electrolyte.

Electrochemical characterizations of MWCNT-g-PTMA pro-
cessed as a buckypaper electrode were carried out to assess their
performance in a half-cell conguration vs. Li/Li+. Galvanostatic
measurements indicated excellent extraction of the theoretical
capacity (85%) along with a good cycling stability (>80% reten-
tion of the initial capacity aer 150 cycles). Variable-rate
measurements demonstrate the ability of the material to
sustain high charge/discharge current densities with the
capacity exceeding 60 mA h g�1 at 60C. This approach not only
affords a means to suppress the solubilization of the active
material but also permits high power performances thanks to
the intimate contact between PTMA and the MWCNT conduc-
tive network.
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