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Carbon allotropes grafted with poly(pyrrole)
derivatives via living radical polymerizations:
electrochemical analysis of nhano-composites for
energy storaget

Mariusz Radtke and Anna Ignaszak = *

Carbon-based nanomaterials are key components in energy storage devices. Their functions can be tailored by
adjusting or developing new synthesis pathways. In this study, two living radical polymerization techniques, an
electrochemically-aided atom transfer radical polymerization (e-ATRP) and reversible addition chain transfer
polymerization (RAFT), were applied for grafting of carbon allotropes such as multi-walled carbon nanotubes
(MWCNT), (SWCNH) with a 2-(1H-pyrrol-1-ylethyl
methacrylate. The functionalized carbons were examined as polymerization initiators in the RAFT and e-ATRP
synthesis. The FTIR and Raman spectroscopies were used to identify the reaction products at each step of

graphene and single-walled carbon nanohorns

preparation and for final composites. TEM imaging demonstrated that the morphology of composites made
via RAFT and e-ATRP using the same carbon were not significantly different. The electrochemical analysis of
grafted materials showed an improved gravimetric capacitance as compared to their individual components,

rsc.li/rsc-advances

1. Introduction

As the world needs more energy than ever before, imple-
mentation of clean energy technologies in forms of energy
storage (batteries, capacitors) and energy conversion (fuel cells)
in everyday lives becomes a necessity that must be addressed
promptly. The number of users of portable electronics is rapidly
increasing and utilization of energy storage components will
grow accordingly. In the perspective of the next few decades,
several issues have to be solved with regards to current tech-
nologies. One of the most serious is disposal of batteries/
capacitors made from heavy or toxic metals (cadmium, lead,
lithium). Another bottleneck is limited access to resources of
ores and metals oxides used for cathodes.® The necessity for
replacement (or decrease in usage) of conventional materials
used in batteries, ultra- and supercapacitors, is pushing
research towards completely new alternatives.” This task is not
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t Electronic supplementary information (ESI) available: NMR spectra of RAFT and
e-ATRP reagents, Raman and FTIR spectra of RAFT and e-ATRP reagents before
polymerization, electrochemical setup for synthesis of e-ATRP initiators, Tafel
plots of e-ATRP initiators, EDS spectra of final products, and TEM images of
pristine carbon allotropes. The Table S1 demonstrates gravimetric capacitance
of pristine carbons and a pure PPy used as reference samples. The Fig. S16
shows results of electro-polymerization of the pyrrole (carried out in order to
compare the electrochemical performance of this materials with the product
synthesized using a chemical crosslinking in the presence of APS, used in this
study). See DOI: 10.1039/c7ra06981b
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revealing the synergy of a double-layer and pseudo-capacitance.

easy — new electrode materials should fulfill many requirements,
such as a long-life cycle stability, high specific gravimetric capac-
itance, and fast energy uptake and release.>* In order to overcome
above challenges, these materials should be designed on a molec-
ular level, resulting in a control/improvement of their morpho-
logical, structural and electrochemical characteristics.

A strong position in the area of metal-free electrodes is given to
nanostructured carbons, especially multi-walled carbon nanotubes
(MWCNTs) and graphene, due to their remarkable high electro-
chemical double layer capacitance (EDLC).” These carbons can be
paired with other capacitive materials, such as redox-active poly-
mers. In capacitor field, this conjugation results in synergistic
improvement of a total electrode capacitance,® and more impor-
tantly, such composites usually outperform their metallic peers in
terms of electrochemical and mechanical stability.”® The carbons
grafted with particular conducting polymers or two-dimensional
oxides also show higher energy density than conventional elec-
trochemical double layer capacitors (EDLCs).*® Suitable carbons
for grafting are MWCNTSs, graphene, and relatively new, single-
walled carbon nanohorns (SWCNHs), due to primarily high
specific surface area and tailored pore size that facilitate fast
adsorption/desorption of ions from operating electrolyte. This
enables an ultra-fast recovery of the double-layer capacitance,
leading to the charge-discharge time counted in milliseconds.*

The pseudo-capacitive function of conjugated polymers is
well-known process and relies on the reduction-oxidation of the
polymer chain, and the corresponding doping of counter ions
from the electrolyte."* These reversible redox reactions are

This journal is © The Royal Society of Chemistry 2017
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foundation for the fast charge-discharge processes.”” The
combined EDLC and pseudocapacitive materials are called hybrid
capacitors. Usually, the carbon-polymer hybrids used in super-
capacitors perform better than their individual components,*
however they suffer from poor electrochemical stability.** The
improvement of capacitance in such hybrids is generated from
strong electronic interactions between the carbon graphitized
surface and the 7 electrons of conjugated double-bonds in poly-
mer chain, resulting in areas with enriched electron density, and
thus stronger attraction of a counterion from the electrolyte."
However, considerable loss of pseudocapacitance caused by the
volumetric changes in the polymer upon cycling and its oxidation,
lead to the short cycle stability of these combined capacitor
electrodes.'®

The stability is significantly improved via a grafting of
carbon surface with the polymer through appropriate covalent
bond, resulting in new, highly ordered molecular structures.****
A rigid and electrochemical stable covalent linker, connecting
the double-layer (carbon) and pseudo-capacitor (polymer) is
vital to the success of composite electrodes. Such molecular
bond provides the necessary electronic linkage between the
carbon and polymer. Its function is even more important since
it controls an extent of distribution and the coverage of polymer
onto the carbon surface. The electrochemical function of the
molecular linker is critical in overall performance of the
composite electrode: (1) it should facilitate an ion diffusion to
the redox active centers of the polymer without obstructing the
double-layer interface (carbon); and (2) it should contribute to
(or at least not hamper) good electron conductivity and associ-
ated electronic effects, leading to the improved chemical,
mechanical and electrochemical stability.*** The concentration
and distribution of a molecular bridge dictates the morphology
of the polymer coating,"”” and therefore plays critical role in
sustaining electronic effects, leading to desired electrode
response and the stability.

A number of successful carbon grafting methods with
conjugated polymers via rigid chemical anchorage rely on
chemical pathways (with a 3-aminobenzoic acid linker,"* amide
derivative'®), or electrochemical functionalization, such as in
situ reduction of diazonium salts on various carbon elec-
trodes." These synthesis methods begin from functionalization
of carbon in the first step, and the attachment of the conjugated
polymer to molecular linker (bridge with carbon) in last phase
of preparation.***® Although, these methods deliver composites
with high gravimetric capacitance and a long-term life cycle,
there is still room for improvement, as performance of carbon
based polymeric composites strongly depends on the overall
morphology in molecular and macroscopic scale.

A control over the polymer structure can be achieved via
living radical polymerizations.*

The living radical polymerizations allow to control the rate of
polymerization, and thus to generate more homogenous nano-
structures. The propagation of polymer chains of same length
causes the ratio of an average molecular weight and the number
of average molecular weights to reach unity.>® This means that
the predicted molecular weight of the macromolecule will be
evenly distributed within whole polymer particle. This feature
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can be analyzed by the size exclusion chromatography (SEC) or
the matrix assisted laser desorption ionization time of flight
mass spectrometry (MALDI TOF MS). However, the SEC tech-
nique requires the polymer to be soluble. In case of nano-
composites utilized in this study, both the poly(pyrrole) and
carbon allotrope are insoluble. This makes the estimation of
PDI index and other characterizations of our composites very
problematic.** In general, techniques such as a Reversible
Addition Fragmentation Chain Transfer (RAFT) and the elec-
trochemically aided Atom Transfer Radical Polymerization (e-
ATRP) allow to control better the uniformity of polymeric
chain as compared to the conventional chemical polymeriza-
tions (due to the significantly improved polydispersity index,
leading to values close to the unity).?° Another important benefit
of these methods, especially when carbon allotropes are used as
polymerization initiators, is quenching/inhibiting of monomer
homopolymerization.”* This is particularly important for the
carbon-grafted polymer composites, since the particle size of
both functional components is in the range of nanometers.

In this study, the modified carbon allotropes bearing
respective dithioester or alkyl halides active groups are applied
as initiators for the living radical polymerizations of a methac-
rylate-functionalized pyrrole monomer. The nanostructured
carbons (source of double-layer capacitance) such as the
MWCNTs, graphene and relatively new carbon allotrope that is
single-walled carbon nanohorns (SWCNHs), are used for the
first time as initiators during the living radical polymerization.
These carbons are grafted via the e-ATRP and RAFT techniques
with a 2-(1H-pyrrol-1-yl) ethyl methacrylate monomer in order to
attach a polymer (pseudo-capacitor). The material character-
ization using microscopic and spectroscopic methods is corre-
lated with the electrochemical activity for all newly developed
composites. In the proposed synthetic methodology, the deriv-
atization of polymer with the molecular linker is carried out
first, and its polymerization onto the carbon takes place after,
which is in reverse order as compared to the synthesis methods
reported in literature. Since the structure and the particle size of
the single-walled carbon nanohorns are very different from
other two carbons used in this work (MWCNTs and graphene),
its function as the e-ATRP and RAFT polymerization initiator
provide new important insight regarding its processability and
possible applications in electrochemical energy storage.

2. Experimental section

2.1. Materials and methods

Unless otherwise stated all materials were used as received without
further purification. All solvents were obtained in their anhydrous
from department-installed solvent purification system. A 2-prop-
anol (for molecular biology, BioReagent, C99.5%, 19516 Sigma-
Aldrich), single-walled carbon nanohorns (as-grown, 804118
Sigma-Aldrich, BET 400 m> g '), DCM (ACS reagent, C99.5%,
containing 50 ppm amylene as a stabilizer, 443484 Sigma-Aldrich),
dimethylformamide (anhydrous, 99.8%, 227056 Sigma-Aldrich),
multi-walled carbon nanotubes (O.D. 9 L 6-9 nm, 95% (carbon),
724769 Sigma-Aldrich, BET 220 m” g '), poly(vinylidene difluor-
ide) with an average M,, = 180.000, potassium bromide (FTIR
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grade), potassium chloride (analytical grade, p.a., C99.5%), THF
(anhydrous, €99.9%, inhibitor-free), 1-(2-bromoethyl)-1H-pyrrole
(98%), 2-bromoisobutyryl bromide (99%), chloroethylmagnesium
(99%), carbon disulfide (>99%), copper() bromide, p-toluene-
sulfonic acid, sodium nitrite; a 2,2'-azobis(2-methylpropionitrile)
(AIBN, purity > 99%), and a 4-dimethylaminopyridine (DMAP)
were purchased from Sigma-Aldrich Canada. Single-layer graphene
flakes (grade AO-3, 12 nm flakes, specific surface area 80 m* g™,
and purity 99.2%) were obtained from Calverton, NY, USA. A 3-
aminobenzoic acid (Sigma-Aldrich Canada) was recrystallized
three times from absolute ethanol prior use. PMDETA (Sigma-
Aldrich Canada) was deoxygenated and stored under inert atmo-
sphere, hydrochloric acid (37%) was supplied by VWR Canada, and
a triethylamine (Sigma Aldrich) was distilled under inert atmo-
sphere and stored in a Schlenk flask over 4 A molecular sieves. The
carbon black (Super P conductive, 99%, metal basis) was
purchased from Alfa Aesar, UK. TEM imaging was carried out
using a Jeol 2100 STEM operating at 200 kV. FTIR spectra on a KBr
pellet were recorded with the NicoletTM iSTM 50 FTIR, 4 cm ™"
resolution, 100 scan per sample (KBr used for the pellets was dried
in oven at 80 °C prior the use). The Raman spectra were
recorded with a Renishaw inVia Raman spectrometer at
785 nm excitation source (Renishaw Inc, UK) in spectral
range from 1000 to 3000 cm™ " and 0.1 mW laser power using
50 times magnification on the microscope. All electro-
chemical experiments were carried out using a CH Instru-
ments electrochemical workstation model C760 and with an
electrochemical cell containing a platinum wire counter
electrode (CE), Ag/AgCl (1 M KCl 0.222 V) or non-aqueous Ag/
Ag" reference electrode (RE), and the ink-deposited glassy
carbon rotating disk electrode (RDE) as a working electrode
(WE). The working electrode was mounted to the Pine
AFMSRCE rotating disk electrode station. All potentials were
quoted vs. Ag/AgCl (222 mV vs. standard hydrogen electrode)
and all electrochemical measurements were carried out in
1 M KCI purged with N, for 30 min prior to experiments (N,
gas blanket was kept during the measurement). The glassy
carbon working electrode disk of 0.5 ¢cm diameter (PINE
Instrument Company, USA) was mechanically polished with
0.05 pm Al,Oj3 slurry (Cypress Systems Inc., USA), rinsed in
double-distilled water, sonicated for 5 min, finally rinsed
with isopropanol and ethanol and dried under a gentle
stream of air. Ink was prepared by dissolving PVDF (2 mg) in
isopropanol (2 mL), sonicated for 0.5 h together with carbon
black (2 mg) and 8.5 mg of an active material. The resulting
suspension was dropped (17 uL overall with 8.5 pL for each
casting portion) onto the polished glassy carbon working
electrode (0.1963 cm? area) and dried for 2 min under a 60 W
lamp. The cyclic voltammetry (CV) scans were conducted in
the potential range from 0.8 to —0.8 V (vs. Ag/AgCl 0.222 V),
chronocoulometry was examined at 0.3 V that is an onset
potential of the polypyrrole oxidation. The electrochemical
stability test was carried out using chronopotentiometry (CP)
technique by sweeping the potential at various anodic and
cathodic current loads until a clear destruction of the elec-
trode was observed (as indicated in the ESI, Fig. S1471).
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2.2. Synthesis

Fig. 1 represents the consecutive steps in the synthesis of
MWCNTs/graphene/SWCNHs-based initiators (a and b) and the
2-(1-H-pyrrol-1-yl)ethyl methacrylate monomer (c). Carbon
allotropes grafted with a p-aminoaniline were prepared
according to the procedure described previously.*

2.2.1. Synthesis of the 2-(1H-pyrrol-1-yl)ethyl methacrylate
(monomer). 1 g of methacrylic acid (p = 1.015 g cm ™ °) was
purified under the glove bag filled with dry nitrogen by
a passage through a short silica column in order to remove
hydroquinone monomethyl ether stabilizer. Further, 0.246 g of
methacrylic acid was introduced to a 10 mL Schlenk flask and
mixed with 5 mL of dry CH;CN, 0.25 mL of 2-bromoethyl-1-H-
pyrrole and 2-fold excess of triethylamine (distilled under dry
nitrogen and stored under 4 A molecular sieves prior use). The
flask was closed with a reflux condenser attached to a balloon
filled with dry dinitrogen. The apparatus was removed from the
glove-bag, the cooling hoses were connected to the condenser
and the flask was immersed in the pre-heated at 82 °C silicon oil
bath for 15 h. After the reaction was completed, CH;CN was
evaporated under reduced pressure and the crude was re-
dissolved in 10 mL chloroform (wet). The solution was
washed five times with 10 mL in of a concentrated sodium
hydrogen sulfate solution and brine in a separatory funnel (to
remove protonated triethylamine bromide salt and potentially
unreacted methacrylic acid), dried over magnesium sulfate,
filtered under air pressure and evaporated under reduced
pressure (colorless oil). The "H NMR (300 MHz, CDCl;, 6): 6.7 (t,
J = 7.3 Hz), t 6.181 ppm; d 6.130 ppm; d 5.609 ppm; q
4.398 ppm, q 4.188 ppm; s 1.9 ppm, as shown in Fig. S1.}

2.2.2. Synthesis of e-ATRP agents. 0.1 g of MWCNT/
graphene/SWCNH derivatized with a p-aminoaniline were
dispersed in 10 mL of dry CHCI; and cooled down to 0 °C in
a 100 mL Schlenk flask charged with a stirring bar in an ice/salt
bath.*® Then a 2-bromo-2-methylpropionyl bromide (0.3 g, 0.013
mmol), triethylamine (0.2 mL, 1.43 mmol) and N,N-dimethyla-
minopyridine (DMAP, 0.02 g, 0.164 mmol, dissolved prior the
addition in 1.0 mL dry CHCl;) were added via a cannula transfer
to the flask and the reaction temperature was maintained at
0 °C for 1 h, and then for 48 h at room temperature. Afterwards
the solid was separated from the reaction mixture by suction
filtration under air and washed five times with 20 mL of dry
CHCI;. The black solids were collected and dried in the air
pressure oven at 40 °C. An approximately 0.098 g of initiators
were collected in each case (MWCNT, graphene and SWCNH)
and analyzed by FTIR, Raman spectroscopy and EDX (Fig. S2
and S67).

2.2.3. Preparation of RAFT agents. 0.2 ¢ MWCNT-benzoyl
acid chloride, graphene-benzoyl acid chloride, SWCNH-acid
chloride synthesized according to the procedure described
before'® were placed in a 50 mL Schlenk flask charged with the
magnetic stirrer; under dry nitrogen (by standard five-time
vacuum/nitrogen purging). A 10 mL of dry THF was intro-
duced via three times evacuated glass syringe. A pre-synthesized
dithiopropanoic magnesium chloride salt (6.4 mL, 1.64 mol in
THF) was introduced to the reaction flask at 60 °C via a cannula

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The preparation of carbon-grafted initiators (a and b) and a 2-(1H-pyrrol-1-yl)ethyl methacrylate monomer (c).

transfer under the counter stream of dry nitrogen. The reaction
was carried out for 24 hours, the solid product was collected by
suction filtration under air and washed five times with dry THF.
After drying at 40 °C under vacuum, ~0.12 g of respective RAFT-
agent was obtained in each case. Fig. S21 shows the Raman
analysis of selected synthesized RAFT agents and the signals
observed were consistent with literature.”” Examples of FTIR (a)
and Raman spectra (b) for the MWCN-based RAFT initiator are
presented in Fig. 2. The FTIR signals at 1300 cm ™" are assigned
to SC=S asymmetric stretch, 1070 cm™! for the S-C=S, or
typical free ~-OH symmetric stretch.?” Small discrepancies such
as the transmittance shift of 2 ecm™" (3697 cm ™' reported, in
case of this study 3699 cm ™' (ref. 22)) for the free ~OH stretch
could be due to the presence of an additional aryl unit used to
prepare the RAFT initiator. Fig. 2b shows the Raman spectrum
of the functionalized MWCNTs that consists three main peaks.
The signal at 1304.23 cm ™" is assigned to defects and disor-
dered graphite structures, while the peaks at 1598.36 cm™ " and
2601.46 cm ™' are attributed to the graphite band, which is
common to all sp” systems and second-order Raman scattering
process, respectively. The ratio of intensity for the defect band
and graphite band (Ip/Ig) indicates on the degree of function-
alization of the MWCNTs.”® For a pure MWCNT, the Ip/lg

This journal is © The Royal Society of Chemistry 2017

observed in this work was 1.91 and, as can be estimated from
Fig. 2b, Ip/Ig of functionalized carbon nanotubes is 1.87,
demonstrating that 2.08% of the carbon has been functional-
ized in the MWCNT-based RAFT agent. The similar analysis of
the Ip/Is intensity ratio for the graphene- and SWCNH-based
RAFT reagents were carried from spectra demonstrated in
Fig. S2 (ESIY), and revealed degree of carbon functionalization
similar to that of MWCNTs.

2.2.4. Synthesis of dithiopropanoic magnesium chloride.
5.25 mL of 2 mol ethyl magnesium chloride in THF was trans-
ferred to 25 mL Schlenk flask under dry nitrogen in the glove
bag. Afterwards, 1.15 mL of dry carbon disulfide (0.15 mmol)
was introduced via a three-time evacuated glass syringe to the
ethyl magnesium chloride solution dropwise over 5 minutes.
The change of color from clear brown to pale red was observed
and was also consistent with literature.”® The formation of
product was confirmed by "H NMR (Fig. S4, ESI{). After 1 hour
of stirring at room temperature, the obtained product was used
immediately without further purification.

2.2.5. e-ATRP polymerization. 0.217 g of a tetra-n-buty-
lammonium tetrafluoroborate (TEABF,) in 10 mL of dry CH;CN
was purged with nitrogen in a three-neck electrochemical cell
for 30 minutes. In next step, 0.217 g (0.17 mL) of 0.0724 mol (in

RSC Adv., 2017, 7, 35060-35074 | 35063
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Fig.2 The Raman spectra (a) and FTIR (b) for the MWCNT-based RAFT

agent.

dry CH3;CN) freshly prepared Cu(i)Br/PMDETA complex was
added to the solution under stirring, and several cyclic vol-
tammograms were recorded. The pre-mixed 0.05 mL of a 2-(1H-
pyrrol-1-yl)ethyl methacrylate was combined with a 0.01 g of an
ATRP initiator. Under a constant recording of CV scans, the
electrochemically-assisted reaction was carried out for 240
minutes and the conversion of monomer was confirmed by 'H
NMR (CDCl;). The color changed from green to blue and the
precipitation of carbon allotropes grafted with the polymer was
observed due to the increase in the mass of the product (Fig. S5,
ESIT). The product was collected by suction filtration, washed
with dry CH3CN and subjected to crosslinking with the pyrrole
monomer in the presence of ammonium persulfate according
to the procedure reported previously. The e-ATRP electro-
chemical setup utilized in this synthesis is shown in Fig. S5.1
The voltammetry parameters for the polymerization were
adapted from literature.>*® An EDX elemental analysis was first
screening tool that confirmed the presence of e-ATRP product
(and exemplary EDS spectra is shown in Fig. S6 in ESIT).

2.2.6. RAFT polymerization. 0.011 g of the chain transfer
RAFT agent was placed in a 50 mL Schlenk flask charged with
a magnetic stirrer alongside with 0.00275 g (0.017 mmol) AIBN
and 0.065 g of a 2-(1H-pyrrol-1-yl)ethyl methacrylate. 20 mL of
dry DMF were introduced and heated at 65 °C under continuous
magnetic stirring overnight. In order to observe the conversion
of a monomer in time, "H NMR samples in CDCI; were taken
after 30, 60, 120, 150, 180 and 210 minutes. The brown product
was separated from dark green reaction mixture by suction

35064 | RSC Adv., 2017, 7, 35060-35074
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filtration and washed with CHCl; (wet) till the filtrate was
colorless. The crosslinking of the pyrrole in the presence of
ammonium persulfate was performed according to the proce-
dure described previously.' The obtained RAFT products were
analyzed by FTIR, Raman spectroscopy and EDS elemental
analysis (and examples of EDS spectra are shown in ESI in
Fig. S7 and S8%).

3. Results and discussion

3.1. Electrochemical study on e-ATRP polymerization
process and RAFT synthesis

Fig. 3 a shows the synthesis steps in e-ATRP process, which
begins from the electrochemical activation of a pentam-
ethyldiethyltriamine (PMDETA) copper(i) bromide complex
used as a co-initiator, and synthetized according to referred
work.”” The electrochemically aided reduction of copper is
observed at E;,, = —0.85 V, and is consistent with literature (E,,
= —0.72 V,*® Fig. S13 in ESI{ demonstrates an exemplary CV
scan of Cu(i) reduction). The Cu complex is core species
resulting in activity of the co-initiator in the e-ATRP. The acti-
vation and deactivation constants of this process can be calcu-
lated based on analysis of Butler-Volmer equation (eqn (1))
derived from the Tafel plot, n = flog 7) (Fig. S9 in ESIT):

kaet = ko exp{(f%(Eon))} (1)

The k. is the reaction rate for forward reaction (also called
activation rate constant), k, is the equilibrium reaction
constant, « denotes the electron transfer coefficient obtained
from the Tafel plot (Fig. S9t), n is the number of electrons
transferred during the reaction, F is the Faraday constant
(96 485.33 C mol ™), R is the universal gas constant (8.314 ]
mol™' K"), T is temperature (295.65 K at the time of
measurement), E and E, are applied potential and the standard
potential for the reduction reaction, respectively. The slope of
Tafel function for the cathodic activation process is equal to
(1-a)F

2.3RT
(Fig. S9t) is extrapolated to log(i), the steady-state equilibrium

for the reduction/oxidation reaction responsible for the catalyst
activation is reached at the respective exchange current density,
iy (e.g., for MWCNT-based initiator i, = 5.38 x 107 ° A and is
recalculated from the common logarithm with the base of 10).
This quantity is further used to calculate the equilibrium (k)

. Briefly, when linear branch of the cathodic Tafel plot

and (k) ineqn (1) (k° = FZTOC at the complex concentration of C

= 1.1 x 10° mol cm?). The overpotential observed for the e-
ATRP assisted activation depends on the type of carbon allo-
trope used in the synthesis, as shown in Tafel plots (Fig. S9t). As
a result, the calculated activation constant (k) varies for all e-
ATRP products as follow: 0.023 L mol " s* for the MWCNT-
based initiator, 0.261 L mol ' s~ for the graphene-based and
0.840 L mol " s™* for the SWCNH-based initiator, and slightly
differ from the activation constant calculated using the same
method applied to similar systems.”””® In this work, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The synthesis steps in e-ATRP (a) and the RAFT (b) polymerization of the carbon-grafted-polymer capacitor materials.

SWCNHs-derived initiator showed the highest k... and the
lowest overpotential needed to initiate the redox process, as
compared to other allotropes. This difference is apparently
related to the carbon specific surface area, which is the highest
for the SWCNHs. Thus, the accessibility of electrochemical
interface for the redox process is largest in SWCNHs. The
particle size and shape for carbons investigated in this work are
very different, therefore the distributions of the electro-active
centers along the carbon three-dimensional w-extended
systems varies accordingly. The porous structure of SWCNs and
their smallest size as compared to the graphene and MWCNT
initiators, caused the fastest Cu redox activity on SWCNH. On
the other, an open planar structure of the graphene sheets (not
structurally hindered) also facilitates fast and easy transport
and activity of Cu complex, and thus the k,. calculated for the
graphene is also high and comparable to carbon-based initia-
tors reported in literature.”** Nevertheless, the efficiency of Cu
activation in the e-ATRP process is strongly influenced by the
carbon morphology.

This journal is © The Royal Society of Chemistry 2017

Fig. 2b shows the synthesis steps in the RAFT polymeriza-
tion, partially adapted from literature.* The molar ratios of
AIBN/initiator/monomer were kept at 1:4:24. The RAFT
synthesis has some advantages over e-ATRP, such it does not
require electrochemical instrumentation. Since the e-ATRP uses
reference electrode, it is critical to prevent the synthesis workup
from any contamination from reference electrode leakage. Also,
the RAFT polymerization does not require a toxic copper
complex, and thus the overall workup is easier than in e-ATRP
(where copper removal is an additional step in purification of
the product). On the other hand, the e-ATRP allows to perform
the subsequent electro-polymerization of the pyrrole units
using the same electrochemical setup, in total, the synthesis
can be faster. More importantly, in e-ATRP, an in situ analysis of
kinetics of the polymer growth can be carried out using well-
known electrochemical models (such as the Butler-Volmer
and Tafel analysis). The RAFT is a pure chemical synthesis,
whereby the e-ATRP combines the electrochemical approach
with typical chemical methods. Nevertheless, the advantages of
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both synthesis routes are discussed in context of composites’
morphology, the electrochemical stability and energy storage
capacity in following sections.

3.2. Spectroscopic analysis of the carbon-grafted polymers

Fig. 4 demonstrates FTIR (a—c) and Raman spectra (d-f) of the
carbon-grafted-polypyrrole capacitive materials. The most signifi-
cant differences in FTIR spectra appear for the end-group of the
carbon allotrope based RAFT initiators as a results of different
polymerization approaches. A free ~OH stretch at 3700 cm™ " cor-
responding to the aryl unit attached to the multi-walled carbon
nanotube indicates on the presence of RAFT agent. This moiety is
composed of a dithiopropanoic aryl magnesium salt,* as shown in
Fig. 4a for the MWCNT-grafted-PPy synthetized by RAFT. The same
stretching band at 3697 cm™ " is reported by other group for the
MWCNT-based initiator.** Similar signals with minor shifts are
observed for the graphene and SWCNH initiators (Fig. S21). The
following FTIR bands identify the final product: a weak-medium
stretch band at 571 cm ™" arises from the presence of aromatic
=C-H deformation vibration in the initiator's aryl unit; at 753
em ™' the C-S strong vibration indicates on the presence of thio-
ester, a medium C-O-C vibration at 808 cm™ " corresponds to the
methacrylate backbone, esters relate to bands visible at 1190 and
1250 cm ™', a large carbonyl stretch at 1740 cm™" indicates the
presence of the meta acrylic backbone in RAFT product. Also,
a large band at 1650 cm ™" is assigned to ~C=C~ aromatic vibra-
tions from MWCNTs and an aryl functionality of meta-substituted
benzene ring, strong stretching vibrations at 1400 cm™ " and 1450
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cm ! alongside with the broad weak band at 3000 and 3420 cm ™"
confirm the presence of poly(pyrrole) unit. Also, the =C-H and
C=N/-C-N- in plane vibrations are typically observed in the 1-
substituted pyrroles.” The C-H aliphatic bending vibrations are
present at 2950 cm . In total, the most important signals
revealing the formation of composites are: the free ~-OH stretch at
3700 cm ™! for the initiator derivatized with the 3-substituted aryl
mote; the resolved weak 1-H isolated deformation vibration of the
3-substituted aryl attached to the MWCNT core at 708 cm ™, and
corresponding the 3-H atoms with the out-of-plane deformation
vibrations at 835 cm™"; the strong dithionic C=S and C-S along-
side with the C-C vibrations from this functionality observed at
1120, 982 and 1150 cm™*; two bands at 891 and 948 cm ™' repre-
sent dithionic units in the endcapped polymer backbone around
the carbon core (which was also confirmed by the sulfur signal
observed in EDS spectrum Fig. S61). The Raman analysis of the
MWCNT-grafted-PPy (Fig. 4d) shows characteristic for the carbon
nanotube, the D and G bands (at 1311.85 and 1610.19 cm ™},
respectively). The analysis of D/G intensity ratio related to the
pristine MWCNT is an indication on the extent of the surface
derivatization and is related to the change of sp> hybridized carbon
atoms to sp® after the attachment of the linker. This analysis is
done based on the comparison of the ratio of D/G in pristine
MWCNT and the same carbon in composite (according to relation:
100 — ((D/ GMWCNT-based initiator)/ (D/ Gpristine MWCNT) X 1000/0))- For
the MWCNT-grafted-PPy the D/G ratio was 1.68, and for pristine
MWCNT it was 1.91, which corresponds to 12.04% of the carbon
surface functionalization with the linker and polymer. The D/G
ratio from MWCNT-g-PPy prepared by RAFT polymerization was
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Fig.4 FTIR (a—c) and Raman spectra (d—f) of e-ATRP and RAFT products: MWCNTs-grafted-PPy by RAFT (a and d), SWCNH-grafted-PPy by e-

ATRP (b and e), graphene-grafted-PPy by e-ATRP (c and f).
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2.015. The increase in the D/G intensity ratio, is due to combined
effects of the increase in intensity of sp® hybridized atoms as
compared to the sp?, alongside with the influence of the length of
methacrylate backbone (due to the rich abundance of sp® carbon
atoms in their structure). The D/G ratio for pristine graphene was
0.69 (which correlates well with large abundance of sp> hybridized
carbon atoms) and for pristine single-walled carbon nanohorns
1.88 (data not shown). For SWCNH- and graphene-based initiators,
the D/G ratios were 1.22 and 0.48, respectively, which corresponds
to 30 and 35% abundance of functional groups onto the carbon
surface. For the MWCNT-grafted-PPy prepared by the RAFT
(Fig. 4d) there are additional peaks at 1104.76, 1417.70, 1441.61,
2605.72 and 2935.49 cm ™' assigned to the ~CH,- aliphatic chain
and the poly(pyrrole) units with a 2D band at 2935.49 cm™ " and
also associated with the broadening of sp” signals due to covering
of carbon with the polymer. This results in the splitting phonon
band from one sp*rich layer of carbon core to other sp>rich layer
of the poly(pyrrole).***

Fig. 4b and c demonstrate the FTIR spectra of the SWCNH-
grafted-PPy and graphene-grafted-PPy synthesized by e-ATRP,
respectively. For the first composite, the characteristic signal
indicating on the product formation is a band at 522 ecm™*
assigned to an out of plane N-H deformation vibration in amide
structure, which correlates with the second band at 542 cm ™.
The moderate intensity C-O stretching amide vibration is
observed at 1040 cm™ ' and at 1170 cm™ " that are similar to
bands found in amides connected directly to aryl groups, for
example in carbons coupled with a p-amino aniline.’® The
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medium and strong in-plane N-H bending vibrations assigned
to the amide bond are seen at 1320 (medium) and 1570 cm™*
(strong). The band at 585 cm ™" is attributed to CH, vibration of
the ethyl unit in ester bond between the pyrrole and methac-
rylate. The band at 617 cm ™" correlated with the band at 1240
ecm ! and both are assigned to the aliphatic C-Br ending of the
polymer methacrylic backbone. Similar to the MWCNT-grafted-
PPy prepared by RAFT (Fig. 4a), the peaks at 724 and 832 cm ™"
indicate on the presence of the meta-substituted aryl mote. The
bands at 669 and 698 cm ™" are attributed to the C-H wagging
vibrations of an ethyl aliphatic unit, connecting PPy to the
methacrylate. The bands at 745, 762 and 781 cm™ ' arise from
the N-H wagging vibrations. The bands at 621, 941, 969 and
1000 cm™ " recognize the presence of the N-C and C-H defor-
mation vibrations in the 1-H substituted pyrroles. The bands at
1030 and 1320 cm ™" are assigned to the C-O vibration in ester
unit that correlates well with the carbonyl stretch at 1720 ecm ™.
The presence of poly(pyrrole) unit is additionally confirmed by
bands at 1060, 1080 and 1470 cm™'. The aryl units manifest
themselves by the band at 1640 cm ™ alongside with the pres-
ence of large aromatic graphene sheets. The aliphatic chain at
2050 and 2800 cm ™ almost overlap with the N-H signals from
the amides at 2850 and 2930 cm ™ '. The final amide and ester
structures are confirmed by the bands at 3260 and 3420 cm ™.

Raman spectroscopy of the graphene-grafted-PPy (Fig. 4f)
revealed stronger D band at 1250, and 2D at 2271 cm™ " corre-
sponding to the phonon splitting in case of the MWCNT-
grafted-PPy prepared by RAFT. The difference between these

Fig.5 TEM images of e-ATRP and RAFT products. MWCNT-g-PPy by e-ATRP (a), graphene-g-PPy by RAFT (b), MWCNT-g-PPy by RAFT (c) and
SWCNH-g-PPy by e-ATRP (d). The bare carbon allotropes are shown in Fig. S10-S12 in ESI.¥

This journal is © The Royal Society of Chemistry 2017
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two composites is only the intensity of the signal that is stronger
in graphene due to the presence of approximately twelve sheets
that overlay and form a sandwich-like structure (based on TEM
imaging, Fig. 5), which contributes to higher intensity of D
signal as well as stronger G band at 1352 cm ™. Signals at 1042,
1081, 131, 1376, 1434, 1460, 1480, 1579 and 1600 cm™! corre-
spond to the PPy unit with covalent linkers and the methacrylic
backbone. For example, peaks at 1042 and 1081 cm ' are
associated with the phenyl ring and the peak at 1301 cm ™'
arises from the C=C alkyl stretch. The ester units are identified
by the presence of COO- stretch at 1376 cm™* and at 1434 cm ™ *
assigned to the stretching of methacrylic backbone. The latest is
also confirmed by the presence of ~-CHj; stretch at 1460 cm ™.
The poly(pyrrole) shows additional stretching signals at 1480
and 1519 cm ™. The Raman spectra of the SWCNH-grafted-PPy
(Fig. 4e) and the MWCNT-grafted-PPy (Fig. 4d) demonstrate
similar signals with lower intensities.

3.3. Morphology

TEM images of selected final products are shown in Fig. 5. The
structure of carbon allotropes chosen in this study are very
different, and thus the morphology of composites is specific to
the type of carbon. The general observation is that materials
synthetized by both RAFT and e-ATRP methods show very thin
polymer layer along the carbon for all cases. This can be seen by
comparing the MWCNT-grafted-PPy made by e-ATRP (Fig. 5a)
and the MWCNT-grafted-PPy by RAFT (Fig. 5c). Both living
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polymerization techniques allow control over the poly(pyrrole)
particle size or its film thickness, which are in the range of
nanometers for all products. The PPy structure is critical aspect
of its electrochemical activity, and should be optimized in order
to facilitate a charge transfer during doping-dedoping of poly-
mer chain (pseudo-capacitance activity). Also, the SWCNH-
grafted-PPy made by e-ATRP (Fig. 5d) shows a non-continuous
polymer, which should further benefit in a high double-layer
capacitance from the carbon exposed to the electrolyte. The
completely different structure is observed for the graphene-
based composite synthesized by RAFT (Fig. 5b), where several
graphene layers are sandwiched between very thin PPy films.
Both, the carbon and PPy exposed to the electrochemical
interface benefit in synergistic improvement of capacitance due
to efficient double-layer and pseudo-capacitance. The
morphology of final products is the most critical parameter that
affects the electrochemical activity and stability of these
composites and will be further discussed in conjunction with
electrochemical tests.

3.4. Electrochemical analysis: charge-discharge, mass
transfer, long-term cycle stability

The redox activity of poly(pyrrole) in faradaic region and double
layer capacitance of the carbon can be observed by the cyclic
voltammetry (Fig. 6 and 7). In the potential range of anodic
activity of the polymer (shown as a broad oxidation wave with
a weak oxidation signals, Fig. 6b), a positively charged radical
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cathodic current/ discharge
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Fig. 6 The redox activity of poly(pyrrole) generating pseudo-capacitance (a), an example of the cyclic voltammogram of the MWCNT-grafted-

PPy synthetized by e-ATRP (b).
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cation is created due to the stripping of an electron from lone
pair on nitrogen, as shown in Fig. 6a. In order to compensate
the deficiency of negative charge, a chloride from the electrolyte
contributes in doping of poly(pyrrole). The process is highly
reversible, and soon after the reverse scan is applied, the
reduction of polymer chain occurs via formation of neutral
species (Fig. 6a). The nitrogen lone pair becomes neutral and
the doping anion is expelled to solution. The redox activity (and
associated doping) is efficient only if the process occurs within
the polymer bulk. Therefore, the polymer films should be very
thin, or the particle size in case of powders - very small.

The repetitive charge-discharge of poly(pyrrole) introduces
considerable volumetric changes in the polymer. This feature of
conjugated polymers makes them good actuators (e.g., for the
application in artificial muscles). However, this is also a reason
for their electrochemical instability. For example, comparing
the poly(pyrrole) with poly(aniline), the conductivity in the latter
(generated via anion doping and the cation formation in
oxidized state) is achieved upon the linearization of phenyl
structure that requires additional energy.*>** The poly(pyrrole)
is a chain molecule composed of five-membered heterocycles,
and it has better stability as compared to the poly(aniline) due
to accommodation of nitrogen in the ring structure.** Such
structure of poly(pyrrole) hampers the formation of destructive
polaron and multi-polaron.** The electronic stabilization of the
polymer via its grafting with carbons, and generated by this
electronic effects, such as the reverse donor-acceptor centers,
yield higher electrochemical stability.*

In presented study we report the values of gravimetric
capacitance and other electrochemical parameters only for the
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Fig. 7 Cyclic voltammograms of carbon allotropes grafted with pol-
y(pyrrole) prepared by RAFT (a) and e-ATRP (b).
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final products. The intermediate products (oligomers of pyrrole
derivatives) generated at any step of the synthesis, do not show
pseudo-capacitance when analyzed using electrochemical
methods, and thus we carried out electrochemical study only for
the final products. In proposed synthesis methods, the last
phase is a chemical crosslinking of the pyrrole using the
ammonium persulfate in aqueous acidic medium as the
crosslinking agent. Simultaneously, we have applied other
methods for the crosslinking of pyrrole with the methacrylate
backbone, which was initially connected to the carbon (not to
monomer). Fig. S16 (ESIt) shows results related to the electro-
chemical polymerization of the pyrrole onto the methacrylic
backbone distributed on the carbon surface. The narrow CV
scan indicates on a low gravimetric capacitance. This demon-
strates that the method of synthesis resulted in the product that
is not electrochemically active. Another drawback of the e-ATRP
synthesis is copper contamination.”® In the proposed cross-
linking of pyrrole in the presence of APS (not electrochemical as
shown in Fig. S167), the hydrochloric acid used for the activa-
tion of ammonium persulfate, also facilitated the removal of
copper, which was confirmed by elemental mapping performed
using the energy dispersive X-ray spectroscopy and the cyclic
voltammetry.

The specific capacitance of electrodes constructed from the
carbon-grafted-poly(pyrrole) was estimated by integrating area
under CV curve (Fig. 7), recorded for freshly prepared electrodes
and after the long-term stability test. The charge (in coulombs)
was standardized to the mass of active components (m in g) at
the applied potential scan rate (v in V s™'). For the charge
integrated in the potential window (E, — E; in V), the specific
capacitance is calculated according to eqn (2):

JEZ I(E)dE
¢ (F gil) = 2mE\1)(E2 - E) @

Table 1 demonstrates specific capacitances for all products.
In summary, the e-ATRP method delivers composites with
higher specific capacitances as compared to the same sample
prepared by RAFT. Regarding the influence of carbon type on
capacitance, the MWCNT-based materials show the best
capacitances regardless of the synthesis method, with the
maximum capacitance of 456.8 F g~', which is significantly
better as compared to the MWCNT-grafted-PPy with the amide-
like linker (350 F g~ "), or to bare MWCNTSs (90 F g~ * (ref. 35) or
even lower as demonstrated in this work in Table S17), and to
pure PPy (Table S1}). Not only MWCNT-based, but other
composites showed higher specific capacitances than their
individual components, e.g., 4.07 F g~ ' for pure PPy (this work,
Table S1%), 15.00 F g ' SWCNH' or 11.60 F g~ * for bare gra-
phene.'® This result demonstrates the synergy of double-layer
and pseudo-capacitance in combined materials. The elec-
tronic effects are critical for an efficient charge accumulation
and transfer in these composites. Both, the morphology and
electronic interactions between components in grafted mate-
rials are crucial for improvement in specific gravimetric
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Table 1 The specific capacitance (F g~4), diffusion coefficient (D),
cycle stability of products obtained by RAFT and e-ATRP

Diffusion Electrochemical

Capacitance coefficient stability
Sample (Fg™) (em?® s™Y) (cycle no.)
MWCNT-g-PPy 338.43 1.06 x 10~8 7500
(RAFT)
Graphene-g-PPy  231.88 2.91 x 10~° 7500
(RAFT)
SWCNH-g-PPy 98.54 4.89 x 107 5400
(RAFT)
MWCNT-g-PPy 456.86 1.53 x 108 6500
(e-ATRP)
Graphene-g-PPy  254.01 2.65 x 10~° 6350
(e-ATRP)
SWCNH-g-PPy 113.94 5.83 x 107" 5500
(e-ATRP)

capacitance.***” An example is the graphene-based composite
shown in Fig. 5b, where the most outer plane of the carbon is
coated with a continuous polymer film. This generates two
competitive effects. Firstly, it hinders the access of ions to both
sides of graphene planes, which is necessary to achieve the
maximum of double layer capacitance for this carbon. On the
other hand, the stacking of graphene sheets (up to twelve sheets
on average based on TEM imaging) observed after grafting,
facilitates the intercalation of ions, similar to the process taking
place in graphite anodes. This effect, together with a contribu-
tion from the PPy pseudo-capacitance, results in improved
gravimetric capacitance that reaches 254 F g~ for e-ATRP and
231 F g~ for RAFT products. The graphene-based composites
synthetized via the radical living polymerization shows signifi-
cantly better capacitances as compared to the same composites
made by a combined electrochemical and chemical grafting
with the amide-type linker,*'® and as compared to capacitances
obtained for pristine carbons or pure PPy (Table S1t). Also, the
difference in electrochemical characteristics of covalently graf-
ted composites for graphene are related to its structure, where
the extended m-systems of the carbon are not accessible for
reactants (inert), due to the structure stabilization via w-m*
stacking. This makes the covalent derivatization of graphene
rather challenging.*® The benefit of using the living radical
polymerization in the process of grafting of the graphene with
poly(pyrrole) is that the carbon is primarily derivatized with the
reactive moiety that prevents agglomeration of carbon and the
monomer.

MWCNT-based capacitors fabricated in this study are the
best performing electrodes as compared to the graphene- and
SWCNHs-grafted composites. Indeed, their enhanced double-
layer capacitance is related to the MWCNT morphology. The
uniform in size and shape long tubes, also named as a one-
dimensional structures, favor the specific electronic interac-
tions within inner shells and along outer graphene layers.* The
interactions between these surfaces create an extended elec-
trical field resulting in improved electrochemical double layer
capacitance."*** The most evident benefit of RAFT and e-ATRP
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grafting is observed for the SWCNH-based composites. Firstly,
the combined materials showed a major improvement of the
total capacitance as compared to bare nanohorns (15.00 F g~*
(ref. 16) or in Table S1t), and at least two times higher than
grafted materials via different organic moieties.>"* This, again
refers to the morphology of composites, revealing the benefit of
using the living polymerization over other chemical and elec-
trochemical grafting of carbon. As observed in previous work,*
the SWCNH-grafted-PPy tents to agglomerate to extent that the
double-layer capacitance from the carbon fraction is obstructed.
Due to the size of a needle-like carbon (“horns”), in the range of
several nanometer (TEM of bare SWCNH are shown in Fig. S10
in ESIf), the grafting of this nano-structures with other
components leads, in most cases, to covering of entire carbon,
and therefore to the electrochemical response only from the
pseudo-capacitive polymer. Fig. 5d shows the TEM image of
SWCNH-grafted-PPy, where very small polymer beads can be
recognized onto the carbon together with tiny polymer flakes
that appear locally within colonies of carbon “horns”. Since
carbon is open to the ion from electrolyte and the polymer size
facilitate the ion transport within its bulk, these both effects
contribute to the improvement of gravimetric capacitance of the
material. The pseudo-capacitance depends on the electrode
polarization, thus peaks responsible for the poly(pyrrole)
activity may be seen in the Fig. 7, inserts A and B.*

The ionic mass transport is critical to the effective rate of
charge—discharge in capacitor electrodes. The diffusion coeffi-
cient (D) is an indication on the ion transport within the
material and is analyzed in this work using coulometry tech-
nique. The data are further fitted using linear function of charge
(Q) = flsquare root of time, /%) according to the Cottrell equa-
tion (eqn (3)):

0 (C) = 2nFAVDmVt (3)

where D is the diffusion coefficient in cm? s, 7 is a number of
electrons exchanged in the polymer unit (assumed 1 for poly-
pyrrole), F corresponds to the Faraday constant 96 485 C mol
K ' and 4 is the geometric are of rotating disk electrode (0.1963
cm?). Fig. 7a shows an example of the charge = flsquare root of
time) linear dependence, which slope is used to calculated D
values for all composites (Table 1). In general, the product with
a maximum gravimetric capacitance shows the highest diffu-
sion coefficient, regardless of the synthesis method. More
importantly, for the same type of composite (the same carbon
used for the grafting) prepared either by RAFT or e-ATRP, the
diffusion coefficient are very similar, leading to the conclusions
that the morphologies, in particular the thickness (or particle
size) of the polymer and overall carbon coverage are similar
(also confirmed by analysis of D and G bands intensities by
Raman spectroscopy). Based on calculated D values (Table 1),
the conclusion is that MWCNTs is the best carbon in terms of
effective mass transport (D is the highest), followed by the
graphene and SWCNHs. MWCNTs-grafted-PPy showed the best
gravimetric capacitance in both RAFT and e-ATRP products.
Thus, the type of carbon used as grafting core is a key compo-
nent in these composites.
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The differences in mass transport (diffusion coefficient)
further affects ion doping and the rate of redox activity of the
polymer. The differential pulse voltammograms (DPV) shown in
Fig. 8b-d, demonstrate the voltammetry response of the
MWCNT-grafted-PPy prepared by e-ATRP (b), graphene-grafted-
PPy by e-ATRP technique (c), and the SWCNH-grafted-PPy
synthesized by RAFT (d). The improved mass transport results
in stronger redox signals (higher redox current over double-
layer current). For example, the formation of amide polaron is
observed at 0.824 V for the MWCNT-grafted-PPy prepared by the
e-ATRP technique (with the highest diffusion coefficient) and
the poly(pyrrole) activity at 0.556 V, at —0.48 V and at —0.204 V.
Also, the reduction of the amide bond is seen at —0.844 V and
—0.724 V. A weak signal corresponding to the chloride reduc-
tion appears at —0.081 V. The similar transitions were detected
for the graphene-grafted-PPy (c) prepared by the e-ATRP tech-
nique, with minor shifts towards higher potentials, such as the
polaron formation of amide linker accompanied by the second
reduction at —0.792 V or the poly(pyrrole) activity at 0.528 V and
—0.264 V. These shifts are attributed to the electronic effects
within the graphene and polymer conjugated double-bonds.
The corresponding peaks are identified for the SWCNH-
grafted-PPy prepared by RAFT (d) at 0.484 V and —0.264 V,
which are related to the poly(pyrrole) activity, and the reduction
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Fig. 8 An exemplary Anson plot for SWCNH-g-PPy prepared by RAFT
polymerization used for analysis of diffusion coefficient (a); differential
pulse voltammetry scans for MWCNT-g-PPy prepared by e-ATRP
polymerization (b), graphene-g-PPy prepared by RAFT (c) and
SWCNH-g-PPy prepared by RAFT (d).
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of dithionic endcapped polymer at 0.908 V. For both, the gra-
phene- and SWCNH-based electrodes, the redox signals are
weaker as compared to the MWCNTs-composites, due to their
slower mass transport (smaller diffusion coefficients).

Regarding the electrochemical stability investigated by
chronopotentiometry (Fig. S14t), materials synthetized by the
RAFT showed slightly better stability as compared to systems
prepared by e-ATRP. Based on earlier observations, the
morphology of composites consisting of the same type of
carbon, but prepared using different living polymerization are
very similar, and also the thickness (or the particle size) of the
polypyrrole are comparable. Thus the stability of materials must
be related to chemical structure of the covalent linker. We
predict that the chemical stability of the RAFT products are
better that those synthesized by the e-ATRP, due to possible
crosslinking between more branched polymeric chains for
RAFT materials. Also, the oxygen containing functionalities in
polyacrylates are not stable under oxidizing potential.** A
possible solution would be to engage the sulfur end-capped
chains, as it was done for e-ATRP. Overall, this chemical
modification makes e-ATRP composites still relatively stable, as
indicated by multiple chronopotentiometric scans (Fig. S14F
and Table 1).

In terms of carbon type, both MWCNT-grafted and graphene-
grafted-PPy show better stability as compared to the SWCNH-
based materials. This suggest more rigid chemical and elec-
trochemical structures for first two composites, resulting in
better stability of the polymer, and is generated by stronger
electronic interaction between the PPy and the carbon w
systems. As observed for the SWCNH-grafted-PPy (Fig. 5d), the
polymer is mostly located between the carbon nano-clusters,
and because of their very small size, it accumulates within the
carbon macropores instead (not on the surface of small
“horns”). Presumably, there is less chemical bonding between
the PPy and SWCNHEs, resulting in luck of covalent rigidness,
also less physical contact between these components (means
less electronic interaction via 7 stacking), resulting in unstable
material (for both RAFT and e-ATRP SWCNHSs products). The
stability tests showed that the MWCNT-based composite elec-
trodes are more stable as compared to graphene or SWCNH-
based peers. In addition, the volumetric changes of poly-
(pyrrole) during charge-discharge cycles seems to be amplified
for the edge-rich morphologies, such as in SWCNH, therefore
their mechanical stability (and electrochemical performance)
will be deteriorated. In case of graphene, the stability is
improved, as the electronic interactions between carbon
monolayers and the organic phase are strong.' Likely, this
effect also contributes to improved stability of the MWCNT-
based composite (multi-walled tubes are made from several
stacked layers of graphene). The SWCNHs are self-standing,
separated structures made from ultra-small carbon “horns”.
Therefore, not only the electronic interactions are weaker (it is
a single-walled carbon), but the polymer is mostly accumulated
within the carbon clusters, therefore its contact with carbon is
limited, and it degrades similar to that of pure polypyrrole. The
SWCNH-grafted-PPy requires further optimization of the
structure, which leads to smaller size of PPy particles.

RSC Adv., 2017, 7, 35060-35074 | 35071
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Fig. 9 summarizes the electrode equilibrium voltage as the
function of applied current load and was constructed from the
long term charge-discharge curves (Fig. S141). Overall, the
composites made from grafted MWCNT showed the highest
electrode voltage, only slightly smaller is observed for graphene-
based composites, and the lowest for SWCNH-grafted PPy
(made by RAFT). This correlates well with morphology obser-
vations and the analysis of mass transport. The composites
prepared by e-ATRP showed slightly lower electrode voltages as
compared to products of the RAFT. More importantly, all
composites revealed higher electrode voltage as compared to
bare polypyrrole (stable at 0.68 V vs. Ag/AgCl).

This demonstrates that carbon is important stabilizing
component in such materials, and emphasizes benefit from the
covalent grafting with polymer (only e-ATRP-made graphene
showed some discrepancy, presumably due to less porous
structure of the e-ATRP product). Both, the graphene- and
SWCNH-grafted-PPy can be further optimized in the e-ATRP
process, leading to more uniform distribution of the polymer,
better separation of graphene sheets by the polymer (for
graphene-based), and to decrease in the polymer particle size
for the SWCNH system. Since the morphology of both RAFT and
e-ATRP products are similar, the voltage stability of electrode is
apparently related to the chemical structure and stability of

35072 | RSC Adv., 2017, 7, 35060-35074

molecular linker. For the RAFT-grafted composites, the chem-
ical linker composed of thiocarbonyl functionalities is more
stable under oxidizing potential as compared to the linker used
in the e-ATRP. In the latest, the amide and ester motes are
degraded faster via bond breaking, due to the formation of
a destructive polaron. It causes materials synthesized via the e-
ATRP to be more prone to electrochemical degradation, while
the product of RAFT contains more carbon atoms with sp*-sp?
structure, which are more stable. In total, this results in slight
improvement of the cycle-life and higher electrode voltages for
materials synthesized by the RAFT method.

4. Conclusions

In this study two living radical polymerization techniques, e-ATRP
and RAFT, were applied for the grafting carbon allotropes such as
MWCNT, graphene and SWCNH with the methacrylate
functionalized-poly(pyrrole). The modified carbons were examined
as the polymerization initiators in the e-ATRP and RAFT synthesis.
Their electrochemical response for the co-catalyst activity revealed
the highest activation rate constant for SWCNH, owing to its
highest specific surface area, and thus availability of large elec-
trochemical interface for the redox process. The Fourier-transform
infrared and Raman spectroscopies were used to identify the

This journal is © The Royal Society of Chemistry 2017
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reaction products at each phase and for the final composites. TEM
imaging showed that: (i) the morphology of composites made from
the same carbon allotrope are not significantly different for RAFT
and e-ATRP products; (ii) the structure of the ultimate product
strongly depends on the type of carbon: for SWCNH the polymer
was locally agglomerated between the carbon clusters due to ultra-
small carbon particles, and for the graphene, the polymer formed
an uniform layer on the most outer sheets of graphene; (iii) the
poly(pyrrole) film or the particle size was very small (in all cases
less than 30 nm), demonstrating the control over the polymer
morphology in living polymerization techniques. The high specific
gravimetric capacitances over 456 F g ' and electrochemical
stability up to 7500 cycles were obtained for MWCNT-grafted-
poly(pyrrole), and slightly less for graphene-based composites
synthetized by e-ATRP, showing the advantages of this method
over RAFT. The electrode voltages for all composites were higher as
compared to the pure polymer electrodes, with some benefit of
RAFT over e-ATRP product, and with significant improvement
observed for the MWCNT- and graphene-based systems. Regard-
less of the synthesis method, all composites demonstrated
enhanced specific capacitance as compared to their individual
components, revealing the synergy of double-layer capacitance
from the carbon and the pseudo-capacitance generated by the
polymer fraction. Both, the RAFT and e-ATRP are polymerization
methods that deliver nanomaterials with tailored morphology and
desired functions, by creating a stable anchorage between carbon,
molecular linker and the polymer, and without unwanted side
effects such as the homopolymerization, as indicated in our
previous studies on similar carbon/poly(pyrrole) systems.*®
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