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Multifunctional Carbon for Electrochemical Double-Layer

Capacitors

Birhanu Desalegn Assresahegn and Daniel Bélanger*

Multifunctional carbon materials are prepared for application as an active
electrode material in an electrochemical capacitor displaying both charge
storage and binder properties. The synthesis of the materials involves the
functionalization of high surface area Black Pearls 2000 carbon black by

a covalent attachment of polyacrylic acid. The polyacrylic acid polymer

is formed by atom transfer radical polymerization using 1-(bromoethyl)
benzene groups initially bonded to the carbon by spontaneous grafting from
the corresponding diazonium ions. The grafting of 1-(bromoethyl)benzene
and polyacrylic acid is confirmed by thermogravimetric analysis, Fourier
transform infrared spectroscopy, energy-dispersive X-ray spectroscopy, and
nitrogen gas adsorption isotherm. The composite electrode films prepared
from the modified carbon are more hydrophilic and have better wettability in
an aqueous electrolyte than the one prepared with the unmodified carbon.
The modified electrodes also show a higher specific capacitance (=140 F g7),
a wider working potential window (1.5 V) and excellent specific capacitance
retention upon cycling (99.9% after 5000 cycles) in an aqueous 0.65 m K,SO,

binder ensures the integrity of the com-
posite electrode. A minimum amount of
the carbon additive and the binder should
be used to avoid a detrimental decrease
in energy density of the energy storage
system. In practice, the fabrication of a
composite electrode requires an optimi-
zation of the composition of each compo-
nent. Approaches to facilitate the electrode
fabrication are currently developed and
include the elaboration of “binderless”
electrode that involves the deposition of a
thin film of the active electrode directly on
a high-surface area current collector.'?l In
spite of this, most of the current industrial
electrode materials are based on a com-
posite such as described above.
Traditionally, a strong emphasis has
been put on the development and optimi-
zation of the active material to enhance

electrolyte. Moreover, a relatively high specific capacitance (=90 F g7') is
maintained at a scan rate of 1000 mV s™' with the polyacrylic-acid-modified

carbon electrode.

1. Introduction

Currently, there is a worldwide interest in the development of
high-performance energy storage systems such as batteries and
electrochemical capacitors.'* This is due to their technological
importance and use in electronic devices and for the electrifica-
tion of transportation.l'-11 A key constituent of electrochemical
capacitors and Dbatteries is the composite electrode (anode and
cathode), which commonly consists of an electroactive material,
a carbon additive, and a binder. These components are mixed
to form a paste and eventually the composite film electrode
(Scheme 1a). Each component has an important and specific
role; the electroactive material provides charge storage proper-
ties, the carbon additive contributes to increase the conductivity
of the usually low-conductivity electroactive material and the
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the electrochemical performance of energy
storage devices,[*™ while less attention
was devoted to the electrochemically inac-
tive components of the composite elec-
trodes, such as the binder.'") Nonetheless,
recent studies have shown that many important characteristics of
a composite electrode, such as the stability and rate performance,
are critically dependent on the formulation of the electrode and
the binder’s properties.'*31 The chemical compatibility of the
binder towards the solvents used to prepare the composite elec-
trode is also a very important aspect to consider. Accordingly,
there is a strong will to replace organic solvents by water pro-
cessable materials.’233 Binders that have been commonly used
to elaborate composite electrodes include hydrophobic polymers
such as poly(tetrafluoroethylene) (PTFE) and poly(vinylidene flu-
oride) (PVDF)[16:1927.34536] a5 well as hydrophilic materials such
as sodium salt of carboxymethyl cellulose (CMC) and polyacrylic
acid (PAA).[16-2428] Interestingly, the latter two allow processing
of electrodes with water rather than volatile organic solvents.
PAA has recently received large attention because it provides
a high concentration of carboxylic acid functional groups that
gives superabsorbent properties and good wettability for the
electrodes in protic electrolytes. It also imparts an ionized sur-
face in water and variety of organic solvents that can facilitate
the transport of ions from the electrolyte.?>3337-#11 Accordingly,
PAA has been used with MnO, for electrochemical capacitor
application/*?! and also for Li-ion battery cathodel!*304043-4] and
anode.323337-39:4647] In these cases, improved performance in
terms of energy and power density as well as cyclability has been
reported, using aqueous as well as organic electrolytes.
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In this work, we report an innovative approach to prepare
an electrode material for electrochemical double-layer capacitor
application by chemically grafting a PAA layer, which displays
“binder”-like properties, directly onto the surface of a highly
porous carbon material. Thus, the resulting material has both
charge storage and binder properties. To demonstrate the proof
of concept only an active electrode material was used without
the conductive carbon additive (Scheme 1b).

The modified carbon was prepared in a two-step process,
which consists in the covalent binding of a thin polymerization
initiator layer by the diazonium chemistry (Scheme S1, Sup-
porting Information)*¥-* and further addition of PAA on this
grafted layer following the well-established atom transfer rad-
ical polymerization (ATRP) procedure (Scheme S2, Supporting
Information).”>>>>% The resulting modified carbons were
characterized by thermogravimetric analysis (TGA), Fou-
rier transform infrared spectroscopy, energy-dispersive X-ray
spectroscopy, and nitrogen gas adsorption isotherms. Finally,
composite film electrodes were prepared with these modified
carbons and characterized by contact angle measurement,
nitrogen gas adsorption isotherms, electronic conductivity
measurements, and electrochemistry.

2. Results and Discussion

2.1. Thermal Analysis

The different materials synthesized in this work were character-
ized by TGA. Figure 1a shows the TGA curves for the pristine
Black Pearls (BP) carbon, 1-(bromoethyl)benzene-modified BP
(BP-Ay), polyacrylic-acid-grafted BP (BP-A; -PAA) powders as
well as for pristine PAA (inset). For the unmodified BP carbon,
no significant weight change was observed between room tem-
perature and 800 °C when the experiment was performed under
helium. On the other hand, the BP-A; showed a weight loss of
about 1.5 £ 0.8 wt% with an onset temperature of 200 °C that
is attributed to the departure of the grafted 1-(bromoethyl)ben-
zene groups. The BP-A; -PAA showed an onset of weight loss
at 300 °C that accounts to 5.5 + 0.5 wt% and associated with
the departure of the chemically grafted species. The observation
of an onset of mass loss at a significantly higher temperature
than the pristine PAA supports the covalent attachment of the
polymer. The chemical grafting of PAA was also investigated
by varying the amount of the starting amine molecule and
the tert-butyl acrylate monomer. Figure 1b shows an exponen-
tial increase of the loading of the initiator molecule A; (from
1.5 £ 0.8 to 20.1 + 3.1 wt%) for a fivefold increase of the amount
of the amine molecule and the monomer (see also Section 4,
Supporting Information).

The theoretical maximum surface coverage of 1-(bromoethyl)
benzene molecules to form a monolayer on BP is estimated
to 6.64 x 1071% mol cm™ by assuming that all molecules are
in parallel orientation with the substrate (see also Section
5, Supporting Information). Considering a specific surface
area of 1500 m? g7!, the theoretical loading is expected to be
9.96 mmol g! for monolayer coverage.’*l In our case, the
highest loading of the grafted 1-(bromoethyl)benzene groups
is =10.9 mmol g! (Table S3, Supporting Information) and
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represents a surface concentration of 4.4 x 10'* molecules
cm™2. Since it is unlikely that all the pores contributing to the
total surface area of BP are accessible to the covalent grafting
of 1-(bromoethyl)benzene groups,®” the reported values above
can be considered as a lower limit. Thus, the material with the
highest loading will consist of multilayers of 1-(bromoethyl)ben-
zene groups as is the case for the spontaneous covalent grafting
of different organic molecules by the diazonium chemistry.[0%-61]

Another interesting fact observed from the thermal analysis
is that when these BP-A; powders are subsequently modi-
fied by ATRP, it can be seen that the total loading of PAA on
the carbon powder surface can be controlled by changing the
reaction conditions and reach up to 45.0 £ 0.5 wt%, as shown
in Figure 1b. The TGA curves for all the different modi-
fied carbons are presented in Figure S1 and S2 (Supporting
Information).

2.2. FTIR Characterization
The surface functional groups present on the carbon before

and after grafting were investigated by FTIR spectroscopy and
representative spectra are shown in Figure 2. Figure 2a shows
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Scheme 1. Schematic representation of the: a) traditional approach for the fabrication of a composite electrode and b) the new electrode formulation

based on bifunctional materials.

a wide IR absorption band centered at around 1080 cm™ that is
associated mainly with the C-H vibration of the BP carbon.[?
The band is also observed for both BP-A; and BP-A;-PAA cen-
tered at the same frequency, although its shape and width are
different, (Figure 2b,c, respectively). This is consistent with the
grafting of the surface ATRP initiator (e.g., 1-(bromoethyl)ben-
zene). This particular absorption band does not provide much
information by itself. More compelling evidence for the grafting
of 1-(bromoethyl)benzene is demonstrated by the presence of
the benzene (C=C) vibration bands at 1560 and 1620 cm™ and
the bands at 2840 and 2930 cm™! due to the C-H stretching
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vibration of the alkyl groups of the initiator and polymer chain.
Interestingly, the spectrum of BP-A; does not show the charac-
teristic sharp band at 2258 cm™ for the N,* group, which is a
good indication that the A; diazonium ions have been reduced
and the resulting aryl radical is grafted on the carbon powder
surface. The BP-A;-PAA spectra (Figure 2c) contains the major
vibration bands observed for the pristine PAA (Figure 2d) such
as the C=0 stretching vibration at 1720 cm™™!, the carboxylic
acid C-O stretching vibration at 1245 cm™ and O-H vibration
band at around 3250 cm™!, which confirms the presence of
PAA on the carbon black powder surface.
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Figure 1. a) TGA profile for the pristine BP carbon, BP-A; and BP-A;-PAA in the temperature range of 30 °C to 800 °C and 5 °C min~' heating rate
under helium gas flow (Inset: TGA profile for polyacrylic acid, PAA). b) Variation of the loading of the grafted 1-(bromoethyl)benzene and polyacrylic
acid on BP as a function of amount of the starting amine and corresponding monomer (see also Table S2, Supporting Information, for complete

experimental conditions of the grafting).
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Figure 2. FTIR spectra for: a) unmodified BP; b) BP-A; (1.5 wt% grafted); c) BP-A;-PAA (5 wt% grafted) and d) pristine polyacrylic acid.

2.3. Microstructural and Composition Analysis with Scanning
Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

Figure 3 shows SEM images of the pristine and the poly-
acrylic-acid-grafted BP carbon. The pristine carbon powder
showed relatively scattered particles with an approximate average
size of about 40 nm (Figure 3a). The characteristic feature that can
easily be recognized from the SEM images is the increase in the
extent of agglomeration of the carbon particles following modifica-
tion (Figure 3b). This can be attributed to the high concentration
of —-COOH functionalities introduced, which results a strong
H-bond interaction between them. The polyacrylic-acid-function-
alized carbon particles tend to agglomerate and possess a spongy-
like morphology unlike the unmodified carbon particles. The
grafting of 1.5 wt% of 1-(bromoethyl)benzene groups and 5 wt%
of PAA also showed an approximate increase of 0.6 + 0.1 nm and
2.7 £ 0.3 nm of the particle size, respectively (for the former see
Figure S3, Supporting Information).

From the =2.1 nm difference in the particle sizes between
BP-A; and BP-A;-PAA, the average number of acrylic acid
monomer units attached to A; can be roughly estimated.
Knowing that the average C-C single-bond length is 137 pm,®?]
a 2.1 nm thickness represents 15 acrylic acid monomer units.
The optimum loading of PAA is unknown at the moment but
most likely a bifunctional carbon with a relatively low molecular
weight of the grafted PAA is required to fully take advantage
of the charge storage properties of the carbon while having a
material with sufficient binder-like behavior. From the 2.1 nm
thickness of the grafted material, a loading of =8.5 wt% can also
be roughly estimated, which is reasonably in a good agreement

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with the value determined by TGA (see also Section 8, Sup-
porting Information, for the calculations).

The EDX spectra shown in Figure 3c,d for both pristine
BP carbon and the modified BP-A;-PAA carbon can also give
additional information about the presence of the PAA and
(1-(bromoethyl)benzene) functionalities on the carbon surface
(for the latter see Figure S4, Supporting Information). For the
unmodified BP carbon spectra, the expected strong peak for
carbon and a relatively weak peak for oxygen are observed. In
the spectra for the modified carbons, in addition to the C and
O peaks, the presence of a significant bromine peak is due to
the terminal atom in the initiator organic molecule (e.g., 1-(bro-
moethyl)benzene) and the PAA chains. This further confirms
that the initiator grafting and polymerization steps were suc-
cessful. The bromine content of BP-A; and BP-A;-PAA samples
reveals no significant difference.

2.4. Adsorption Isotherms and Porosity Analysis

Nitrogen adsorption isotherms for the unmodified Black
Pearls carbon powder and various composite films made with
BP following modification by 1-(bromoethyl)benzene and
polyacrylic acid surface grafting are shown in Figure 4a. The
isotherm of the Black Pearls carbon powder shows the adsorp-
tion of a large volume at low P/P, (e.g., below 0.1), which is
characteristic of an extended microporous structure.®l In con-
trast, the BP-A;-PAA samples are characterized by a smaller
adsorbed volume in the same P/P, range. In the intermediate
P/P, range, between 1 and 0.8, the slightly sloped plateau

Adv. Funct. Mater. 2015, 25, 6775-6785
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Figure 3. a,b) SEM image with x45 000 magnification c,d) EDX spectra for pristine BP and BP-A;-PAA (5 wt% grafted) carbon, respectively.

observed for all the materials is mainly due to a contribu-
tion from adsorption in the mesopores.[°®!l Figure 4b,c show
that the pore size distribution and surface area contribution,
respectively, for the pristine carbon comes mainly from the
micropores (<2 nm) in addition to mesopores (between 2 and
5 nm). However, it is clearly seen that the modification of the
carbon completely blocks adsorption of N, by the micropores
(especially those less than 1.2 nm) unlike the composite films
prepared by simple mixture of the carbon and the PTFE
binder.

The measured BET surface area (Table S4, Supporting
Information) of BP carbon is decreasing from 1500 to 1300
and 950 m? g! for a composite film containing 10 and
25 wt% of PTFE binder, respectively. The measured value
for the former composite film is in good agreement with the
expected surface area (90 wt% BP =1350 m? g™!) if the surface
area contributed by the PTFE binder is neglected. However,
for the sample containing 25 wt% of PTFE, thus 75 wt% of
BP, the expected surface area should be 1125 m? g='. The
observation of a lower experimental value of 950 m? g™! sug-
gests that the pore structure is affected 3* while the opposite
is true for the addition of a lower fraction of binder. A similar
decrease of the BET surface area was found for composites
made with pristine PAA mixed with Black Pearls carbon
(Table S4, Supporting Information). However, for the com-
posite films made from the PAA-modified carbons, a much
higher BET surface area loss of =30% and =65% is obtained
for the 6 and 25 wt% PAA loading, respectively (Table S4,

Adv. Funct. Mater. 2015, 25, 6775-6785
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Supporting Information). These results indirectly prove that
the synthesized PAA of the chemically modified carbons is
not physically adsorbed.

2.5. Contact Angle Measurements

Static contact angle measurements were performed for films
prepared with different carbon compositions to determine
the change in their surface properties (e.g., hydrophilicity and
hydrophobicity) accompanying PAA grafting. Figure 5 shows
images of sessile droplets and the measured contact angle
values for various BP-A;-PAA films and compared to those
prepared using a PTFE binder. It can be clearly seen that the
grafting of PAA on BP carbon makes it more hydrophilic as
demonstrated by the small contact angles measured. Increasing
the PAA content makes the modified film more hydrophilic.
On the other hand, the addition of PTFE enhances the hydro-
phobicity of the resulting film. For the electrode film prepared
from BP-A;-PAA with 25 wt% loading of grafted species, the
solvent takes less than 30 s to dissipate through the mate-
rial and an accurate contact angle value cannot be taken (see
Figure S5, Supporting Information). This hydrophilic property
of the BP-A;-PAA film could be useful for its application as
electrode in aqueous electrolyte-based electrochemical capaci-
tors. Since such a property could provide a superabsorbent,
highly wettable and ionized material in protic solvents, it can
improve accessibility of the pores and facilitates ion transport
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Figure 4. a) Nitrogen adsorption isotherms; b) pore size distribution, and c) cumulated surface area as a function of pore width for the unmodified

BP powder and different film compositions.

within the electrode.*”! This could potentially enhance the
double-layer charge storage behavior of these materials relative
to unmodified carbon-based electrodes.

BP-A,-PAA (14 BP-A,-PAA BP-A,-PAA (5 wt.%)
Wt.96),0 ~ 140 (8 wt.%), 6 ~ 15° + 1 wt.% PTFE,
: 0 ~26°

75 wt.% BP + 25 wt.
% PTFE, 6 ~ 94°

94 wt.% BP + 6
wt.% PTFE,0 ~ 87°

90 wt.% BP + 10 wt.%
PTFE, 6 ~ 76°

Figure 5. Images of typical sessile droplets for the carbon films of various
compositions together with the contact angle.
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2.6. Electrochemical Characterization
2.6.1. Composition of the Electrodes

In this work, film electrodes were successfully prepared from the
BP-A;-PAA powder with 5 wt% polymer grafting by the addition of
only 1 wt% PTFE. This small amount of PTFE is needed to obtain
a malleable composite film. Interestingly, a film could be prepared
without PTFE and was tested as electrode material but found to
be brittle and more susceptible to physical degradation. However,
for the carbon powder grafted with higher loading of PAA (e.g.,
25 wt%), very good mechanically stable composite films were fab-
ricated without the addition of PTFE. One thing worth noting is
that it was not possible to form a composite film by mixing BP
with pristine PAA (e.g., without grafting), even by the addition of
=25 wt%, with the cold-rolling method. Thus, covalent grafting of
the PAA appeared to bring good mechanical stability and inter
particles adhesion presumably via hydrogen bonding within the
PAA chains. Accordingly, several composite film electrodes were
prepared with the polyacrylic-acid-grafted BP carbon with and
without the PTFE binder and their electrochemical performance
were evaluated.

Adv. Funct. Mater. 2015, 25, 6775-6785
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in aqueous 0.65 m K,SO, electrolyte a) in their respective working potential window and

b) in a wider and similar potential window. c) The gravimetric capacitance variation with scan rate for the various composite film electrodes, d) capacity
retention for 99% BP-A;-PAA (5 wt% grafted) + 1 wt% PTFE after 5000 charge/discharge cycles.

2.6.2. Electronic Conductivity of Composite Film Electrodes

Four-point probe measurements made for the different com-
posite films revealed that the modification of the carbon
results in only a slight decrease in electronic conductivity of
the film (Table S5, Supporting Information). Also, a decrease
in electronic conductivity is observed when the loading of the
grafted PAA is increased. The small decrease of conductivity
following grafting suggests that the formation of defects in the
sp? regions of the BP powder, due to grafting by the diazonium
chemistry,® is not too detrimental. Here it is important to
notice that the electronic conductivity of the modified material
is compared only with a composite film of the same proportion
containing the non-conductive PTFE binder, not with the pris-
tine carbon powder.

2.6.3. Electrochemical Properties of the New Materials
The electrochemical properties of the composite film electrodes
prepared with the unmodified and modified BP were charac-

terized by cyclic voltammetry. Figure 6a shows the cyclic vol-
tammograms in aqueous 0.65 M K,SO, electrolyte solution at

Adv. Funct. Mater. 2015, 25, 6775-6785
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a scan rate of 20 mV s7L. All cyclic voltammograms show a
rectangular shape that is typical of a capacitive electrode mate-
riall®% but a significant difference in the working potential
window is clearly noticeable. The composite film electrode
with the polyacrylic-acid-grafted carbon shows an increase in
the working potential range of about 500 mV (see Figure 6a,b).
Cyclic voltammograms recorded for the traditional composite
film electrodes in the same potential window are characterized
by significantly larger parasitic oxidation and reduction cur-
rent at the positive and negative potential limits, respectively
(Figure 6b). This might be attributed to the change in the sur-
face chemistry of the underlying carbon composite electrode
upon the covalent attachment of the polyacrylic molecules that
would alter the kinetics of the water reduction/oxidation reac-
tion at its surface. Moreover, comparing the shape of the cyclic
voltammograms of Figure 6a, when irreversible processes are
less important, revealed similar polarization, in agreement with
the electronic conductivity measurements. It should be noted
that vacuum infiltration has also been utilized to impregnate
the pores of the composite electrodes with the electrolyte. In
our hands, we found that this procedure does not bring signifi-
cant improvement in performance compared to the modified
electrode material (Figure S6, Supporting Information).
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Figure 7. Cyclic voltammograms for a composite electrode fabricated with a) 100% BP-A;-PAA (25 wt% grafted) and b) 75 wt% BP + 25 wt% PTFE at
different scan rates in 0.65 M K,SOy, electrolyte, c) Variation of the specific capacitance as a function of scan rate for both electrodes.

The gravimetric and volumetric capacitances of various
composite electrodes are also reported in Table S6 (Sup-
porting Information). A 45% improvement of the gravimetric
capacitance is noticed for the polyacrylic-acid-grafted BP
film electrode. The enhanced performance can be attributed
mainly to the presence of the grafted PAA, which possesses
a high concentration of surface carboxylic functional groups.
These can provide a facilitated transport of ions in the active
electrode layer and increase the accessibility of the available
pores. Moreover, the increase in capacitance for the elec-
trodes prepared from grafted material might also be partially
induced by the grafted PAA groups, which may contribute to
the charge storage with their pseudocapacitance. This possi-
bility will be investigated in future studies, for example, by
changing the pH of the electrolyte. The good electrochemical
performance (both in potential window and capacitance) will
enable the composite electrode to provide a high energy and
power density for an electrochemical capacitor. Moreover, the
similar gravimetric capacitance observed for the composite
electrode prepared from the BP carbon onto which only the
polymerization initiator is grafted (BP-A;) with the PTFE
binder, clearly shows the contribution of the PAA grafting to

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the improvement of the gravimetric capacitance. The change
in the volumetric capacitance (Table S6, Supporting Informa-
tion) also follows a trend similar to that of the gravimetric
capacity demonstrating that the electrode films are prepared
with a uniform density.

Figure 6c also shows the variation of the gravimetric capaci-
tance as a function of the scan rate for various electrodes. It is
noteworthy that the BP-A;-PAA electrode maintained a signifi-
cantly higher gravimetric capacitance at all scan rates and with
a value of about 90 F g™! at 1000 mV s~%. The composite elec-
trodes made with similar proportion of BP carbon and PTFE
showed a lower gravimetric capacitance and rapid decline,
below 50 F g7}, at a scan rate of 1000 mV s7'. The electrode
prepared from the carbon grafted with the polymerization
initiator (BP-A;) only and PTFE binder also delivered a lower
gravimetric capacitance compared to BP-A;-PAA at all scan
rates. Furthermore, the long-time cycling stability of the 99%
BP-A;-PAA (5 wt% grafted) + 1 wt% PTFE film electrode is
very good with a 99.9% capacity retention after 5000 charge/
discharge cycles, as shown in Figure 6d indicating that there
is minimal loss in the carbon particle to particle or current col-
lector grid to carbon particle contact.

Adv. Funct. Mater. 2015, 25, 6775-6785
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The electrochemical performance of composite electrodes pre-
pared by using a much higher loading of grafted PAA (25 wt%)
without PTFE was also compared to a 75 wt% BP + 25 wit%
PTFE electrode. Figure 7a demonstrates the superior perfor-
mance of the BP-A;-PAA electrode and its ability to maintain
a higher specific capacitance, especially at high scan rates
(rectangular voltammogram at 500 mV s7!), compared to the
electrode made with a PTFE binder of similar proportion
(Figure 7b). The observation of much lower polarization for the
BP-A;-PAA electrode is intriguing since both film electrodes
have similar electronic conductivity. Figure 7c, shows that a
higher specific capacitance at all scan rates is obtained for the
100% BP-A;-PAA (25 wt% grafted) composite film electrode
despite its lower BET surface area (Table S4, Supporting Infor-
mation). However, the specific capacitance is much lower than
the one obtained at the lowest loading of grafted PAA (5 wt%)
carbon film electrode, presumably because of the significantly
lower surface area of the material.[*7]

The overall good electrochemical performance of the new
composite electrodes can be mainly attributed to the better wet-
tability of the film made from BP-A;-PAA compared to the BP +
PTFE in aqueous electrolyte. Also, the ionized surface of the
BP-A;-PAA would impart lower ionic resistance.

3. Conclusions

Surface functionalization of Black Pearls carbon by ATRP of PAA
was successfully carried out. The new material with function-
alization of the carbon surface proved to give a much improved
gravimetric/volumetric capacitance and wide working potential
window for the resulting composite electrode. The improved per-
formance is related to the presence of ionizable surface carboxylate
functional groups, which can provide good electrolyte accessibility
to the pores and surface wettability of the active layer, a high ionic
conductivity together with a good chemical and mechanical sta-
bility in aqueous electrolyte. Even if the covalent linkage of the
PAA chains to the BP carbon cannot be directly demonstrated,
indirect evidence for grafting is obtained from TGA, gas adsorp-
tion measurements, and the ability to form a film (vide supra).
One aim of our work was to develop multifunctional materials
for energy storage applications. First, a bifunctional material is
obtained by grafting a binder to an active carbon powder. Fur-
thermore, other characteristics of electrodes fabricated with these
materials such as increased capacitance, wider working potential
window, and better wettability insure multifunctional character to
these polyacrylic-acid-modified carbons.

In this study, the widely used BP carbon black material in
our laboratory was selected to demonstrate the proof of concept
that the modification method can be used to functionalize an
active material of an energy storage device. In the future, it will
also be very interesting to extend our approach to other carbon
materials that are commonly used in commercial EDLC.

4. Experimental Section

Chemicals: Black Pearls 2000 carbon black (Cabot), 4-(1-hydroxyethyl)-
aniline (Alfa Aesar, 97%), hydrobromic acid (HBr) 48% wt/vol
(Aldrich), tetrafluoroboric acid solution (Fisher Scientific, 48%),

Adv. Funct. Mater. 2015, 25, 6775-6785
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sodium nitrite, (NaNO,) (NICE, 96%), sodium tetrafluoroborate
(NaBF,) (Aldrich), methanol (EMD), N,N-dimethyl formamide (DMF)
(EMD), acetone (EMD), tert-butyl acrylate (t-BA) (Aldrich), toluene
(EMD), 1-phenylethyl bromide (1-PEBr) (Aldrich), N,N,N,N’ N’ N"-
pentamethyldiethylenetriamine (PMDETA) (Alfa Aesar), cupric chloride
(CuCly) (Aldrich), cuprous chloride (CuCl) (Aldrich), methylene
dichloride (EMD), andtrifluoroacetic acid (CF;CO,H) (Alfa Aesar, 99%),
and PAA (average My = 25 000 g mol™'; Aldrich) were analytical grade
and used as received. All solutions and subsequent dilutions were
carried out using deionized water (Barnstead Nanopure I1).

Synthesis: The ATRP initiator molecule was synthesized by
adopting a published procedurel®? described in details in Scheme S1a
(Supporting Information). Briefly, the procedure involves the reaction of
4-(1-hydroxyethyl)aniline (1.67 mmol) with HBr 48% (wt/vol) to afford
the ATRP initiator molecule, p-(1-bromoethyl)aniline hydrobromide,
having a bromine terminal group while keeping the amine group for
diazotization.

The diazotization and grafting were done by adding 0.2 g of Black
Pearls (BP) carbon to the mixture obtained above with constant stirring
for 15 min. Then, the p-(1-bromoethyl)benzene diazonium ions were
generated in situ by adding 5 mL HBF, and 0.35 mmol of NaNO, which
was accompanied by a nitrogen gas evolution (Scheme S1b, Supporting
Information). The reaction was allowed to last overnight with constant
stirring of 300 rpm at ambient temperature. Finally, the reaction mixture
was vacuum filtered on a Nylon membrane having a pore size diameter
of 0.47 ym (Pall) and washed sequentially with 5% (wt/vol) NaBF, (=1 L),
methanol (=750 mL), ethyl ether (=500 mL), and acetone (=500 mL)
to afford the ATRP initiator molecule, 1-(bromoethyl)benzene groups
grafted on Black Pearls carbon (BP-A;) (Scheme Slc, Supporting
Information).

The 1-(bromoethyl)benzene molecule grafted on BP contains a very
good leaving group (-Br) to initiate ATRP of vinyl monomers, in the
presence of proper catalysts. This enables the polymerization to occur
on the surface of the modified carbon rather than in the solution. The
monomer used to initiate the polymerization was tert-butyl acrylate (t-BA)
since acrylic acid is not readily undergoing surface ATRP.’% The general
procedure is as follows: a 100 mL Schlenck flask reactor equipped with a
soccer-ball-shaped magnetic stirrer, a condenser, and nitrogen gas lines
were prepared. The catalysts, CuCl and CuCl, were transferred to the
flask and dissolved in 20 mL toluene solvent using a strong sonication
for 15 min followed by degassing with nitrogen for 20 min. Thereafter,
the BP-A, was added and the mixture stirred for a further 10 min.
Then, PMDETA, 1-PEBr and tert-butyl acrylate (t-BA) were sequentially
added to the polymerization flask under a nitrogen flow and continuous
stirring. Following these additions, the reaction mixture was degassed
for 1 h. Then, the flask was kept in an oil bath at 100 °C for 16 h and
the polymerization was stopped by cooling and after opening the flask to
expose the catalyst to air. Finally, the reaction mixture was filtrated under
vacuum on a Nylon membrane and washed sequentially with toluene and
acetone in order to remove adsorbed species. This procedure results in
the surface grafting of poly (tert-butyl acrylate), which can undergo acid
hydrolysis to cleave the tert-butyl groups and form the desired PAA surface-
grafted Black Pearls carbon (BP-A;-PAA). For this final step, the poly (tert-
butyl acrylate)-modified carbon was dispersed in 20 mL of methylene
dichloride by sonication for 10 min and 25 mL of CF;CO,H was slowly
added to the above dispersion. After overnight hydrolysis with stirring at
room temperature, the BP-A;-PAA powder was recovered by centrifugation
at 4000 rpm for 30 min and the remaining methylene dichloride and
excess trifluoroacetic acid were removed by keeping the sample at
80 °C under vacuum for 3 h. The polymerization reaction and details of
the proposed reaction mechanismsP2°65839 are summarized in Scheme
S2 and S3 (Supporting Information). See also Table S1 and S2 (Supporting
Information) for the quantities of each reactant. The variation of the
polymer loading on the carbon surface was also investigated by varying
the amount of the starting amine molecules from 1.67 up to 8.35 mmol
(fivefold) followed by a proportional increment of the tert-butyl acrylate
monomer concentration while starting with the same amount of carbon
(See also Table S2, Supporting Information, for details).

wileyonlinelibrary.com 6783

dadvd T1TInd



-
™
s
[
-l
wd
=
™

6784  wileyonlinelibrary.com

<
m

ww.afm-journal.de

Characterization of the Powders: The thermogravimetric analyses
were conducted with a TA Instruments TGA (Q500) equipment. The
temperature scan was done between 30 °C and 800 °C at a rate of
5 °C min~' under a 100 mL min~" helium gas flow. Platinum pan sample
holders were used for all measurements. Moreover, thermal annealing
under inert atmosphere was carried out for the initiator-grafted carbon
(BP-A;) at 150 °C and the polyacrylic-acid-grafted carbon (BP-A;-PAA) at
250 °C to ensure the removal of physically adsorbed organic molecules
and solvents.

Fourier transform infrared (FTIR) spectra were recorded after
preparing KBr pellets of the different materials with 1% sample weight
composition using a Nicolet 4700 FT-IR (Thermo Electron Cooperation)
spectrophotometer. To improve the signal-to-noise ratio, the spectra
were recorded by collecting 1000 scans. All spectra were baseline-
corrected using OMNIC 6.1 internal software and were unsmoothed.

Microstructural analysis of the powders was carried out by
using field-emission gun scanning electron microscopy (FEG-SEM;
JEOL/JEM-1230) and electron-dispersive X-ray spectroscopy (EDX)
JEOL/JSM840. The particle size distributions of the powders were
estimated by measuring the average of 40 particles from each scanning
electron microscope images using “image-J” software.

Adsorption isotherms were measured using an Autosorb-1
instrument (Quanta chrome Instrument, USA). The porous texture of
the carbons and the different composite films (for those compositions
that allow film formation) was characterized using nitrogen as adsorbent
at 77 K. The volume of gas adsorbed was recorded for relative pressures
ranging from 1 x107® to 1. The N, adsorption data were used to calculate
the total pore volume and the BET specific surface area (Sggr). The pore
size distribution cumulated surface and volume histograms were also
obtained through simulation of the isotherm by density functional theory
(DFT) and Monte-Carlo calculations using the ASW1 software. Since
composite films cannot be made by physical mixing of pristine PAA
with the BP carbon, the porosity analyses were performed for a sample
prepared by dispersing the polymer in ethanol and homogeneously
mixing with BP and followed by drying at 105 °C.

Characterization of the Electrodes: Composite electrode films were
prepared from different proportions of the BP carbon, BP-A; and
BP-A;-PAA using PTFE binder when appropriate. In all cases, the
composite powders were mixed in a small volume of ethanol until a
homogenized paste-like consistency is obtained and the films were
made by cold-rolling. Then, they were placed in a stainless steel grid
(80 mesh, 0.127 mm, Alfa Aesar), used as current collector, and pressed
for 60 s at 9 X 10° Pa.

Static contact angle measurements for the electrode films were
performed at room temperature (before pressing on stainless steel) by the
sessile drop method with a water drop of about 5 pL. The measurements
were taken 30 s after deposition of the water drop. The “image-)” software
was used with a MV-50 camera and a magnification of 6x.

Electrical conductivity measurements for the dried composite
electrodes were made by four-point probe measurements using a
Keithley 6220 DC precision current source (US). The |-V DC potential
sweeps were measured at 100 mV s~ and yielded a linear -V response.
The electronic conductivity of the composite film was obtained, using
the resistance determined from the inverse slope of the |-V curve and
the thickness of the film.

Electrochemical measurements were performed with a three-
electrode configuration in one-compartment cell containing a
Ag/AgCl/Cl~(saturated KCI) reference electrode, a high surface area
platinum gauze as a counter electrode, and the carbon film as a working
electrode. A de-aerated aqueous 0.65 m K,SO, solution was used as
electrolyte and all experiments were performed at room temperature.
The reference electrode was kept at about 5 mm of the working
electrode during measurements. Moreover, prior to any measurement,
the working electrode was dipped in the electrolyte for 20 min to allow
the electrolyte to impregnate the electrode porosity.

Cyclic voltammetry (CV) was recorded using a Solartron 1255 FRA
potentiostat connected to a PC and the electrochemical setups were
controlled with DC Corrware software (Scribner Associates, version
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2.8d). The specific capacitance, C,, expressed in farads per gram
(F g7) of carbon paste was determined from the cyclic voltammogram
according to Equation (1):

__AQ
Cs= AE.m M

where AQ is the voltammetric charge (Coulomb), AE is the working
potential window (Volt), and m is the mass of the composite electrode
film (gram).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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