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Hyper-cross-linked (HCL) styrene-based resins filled with graphite nanoplatelets (GNP) at two different GNP
concentrations were synthesized by means of a facile and efficient modified Davankov procedure. Firstly, the
synthesized samples were broadly characterized by means of transmission electron microscopy (TEM) and
thermogravimetric analysis (TG-DTG), and their BET surface areas were also evaluated. Afterwards,
capacitance performance of the synthesized electrode materials was investigated by cyclic voltammetry in a
0.5 M H2SO. solution at different scan rates, also exploring the effects of GNPs concentration. The
synthesized materials showed high specific capacitances (Csp) of 52.1 F/g and 60.4 F/g, values obtained with
a concentration of the GNP fillers equal to 7.5 wt% and 10 %wt respectively. Moreover, the synthesized
nanocomposites exhibited a high capacitance retention up to 97 % over 10000 cycles, thus confirming their
excellent performances as robust EDLC electrode materials.

1. Introduction

Over the past few decades, supercapacitors have gained increasing attention as electrical energy storage
(EES) systems complementary to batteries. Indeed, these devices can be adopted for a wide range of
applications (e.g. power generation and transportation), being able to guarantee high power density, fast
charge/discharge rates and long life cycles (Wang et al., 2007; Sarno et al., 2015; Sarno et al., 2016a).
Among them, electrical double-layer capacitors (EDLCs) possess remarkable power densities in virtue of the
mechanism by which they store electrical energy. In these devices, charges are accumulated on the electrode
surfaces through the formation of a double layer of ions originated from the electrolyte. Formation of the
electric double layer is very fast and highly reversible, requiring only physical adsorption and desorption of
ions onto the electrode surface, therefore power densities related to this type of supercapacitors are
remarkably high (Largeot et al., 2008; Trezza et al., 2008). However, although endowed with the
aforementioned excellent features, the still low energy densities of EDLCs remain a main challenge in their
development (Peng at al., 2005). In order to meet this challenge, highly accessible surface areas and high
conductivity to promote charge transport and accumulation are the most required characteristics for EDLCs
electrodes (Pandolfo et al., 2006). Typical EDLC electrodes showing these optimal characteristics are
nanocarbons, such as activated carbon, carbon fiber, aerogel, graphite nanoplatelets (GNPs), etc. properly
designed to expose a high surface area (Sarno et al., 2016b; Sarno et al., 2018a) to the electrolyte and EDLC
formation (Yoshida et al., 1996) In particular, graphite nanoplatelets (GNPs), consisting of short stacks of
graphene sheets, are promising candidates thanks to their capacity to exhibit peculiar two-dimensional
characteristics, including good electronic behaviour, potential wide accessible surface area and high
mechanical resistance (Chiam et al., 2018). Hyper-cross-linked (HCL) resins, composed of rigid molecular
linkers, can enhance the GNP-based EDLCs performances. These versatile materials can be produced
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through a facile and cost-effective method and possess several remarkable characteristics, such as high
chemical stability and large specific surface area (1000 — 1900 m2/g) with tunable pore size distribution
(Tsyurupa et al., 2002; Woodward et al., 2014). Their porous structure can easily host nanofillers, embodied in
the hyper-cross-linked matrix, which: preserves nano-dimensions, preventing nanoplatelets agglomeration;
ensures homogeneous dispersion, reducing the required amount of active species; preserves the electrode
against leaching phenomena (Castaldo et al., 2017a; Castaldo et al., 2017b). In particular, the aim of this
paper was to load inside a HCL an EDLC high capacitive material, in order to obtain a stable, robust and
reliable supercapacitor. Furthermore, HCLs porous structure, consisting of both meso- and micropores,
contributes to the electrode accessibility and wettability, allowing active sites availability for ions adsorption
during the electrolyte induced swelling (Hu et al., 2017).

In the following paper, hyper-cross-linked styrene-based resins filled with graphite nanoplatelets at different
GNP concentrations were synthesized by means of a modified Davankov method. As explained in a previous
work, this new synthetic approach is simpler, more efficient, and involves reduced amount of waste chemicals
(Castaldo et al., 2017c). The as-synthesized materials were then widely characterized and tested as electrode
materials for supercapacitors. The electrochemical performances of the samples were investigated by cyclic
voltammetry tests in HoSO4 electrolyte solution and capacitance retention was evaluated. The effects of GNPs
concentration on the electrochemical capacitance were also explored.

2. Experimental Section
2.1 Materials

Graphite nanoplatelets (GNP, grade M, average diameter 25 um) were purchased from XG Sciences
(Lansing, MI). Vinylbenzyl chloride (VBC, >95%, mixture of isomers, ~70% meta + ~30% para), p-
divinylbenzene (DVB, 85%, meta isomer ~10 wt %), 2,2’-azobis(2-methylproprionitrile) (AIBN, >98%), FeCls
(> 97%), were purchased by Sigma Aldrich (Milan, Italy), and used without further purifications.

2.2 Nanocomposite preparation

The hyper-crosslinked poly(divinylbenzene-co-vinylbenzyl chloride) based nanocomposites containing GNP
were prepared through a two-step procedure. DVB and VBC (molar ratio 2:98) were mixed with different
concentrations (7.5 and 10 wt %) of GNP (the obtained samples will be named GNP7.5-HPC and GNP10-
HPC in the following). To ensure an effective nanofiller dispersion, the mixture was sonicated for 50 min with a
500 W tip sonicator at 25% power, with a 10 s/50 s ON/OFF cycle. Therefore, 0.5 phr of AIBN was added, and
the mixture was kept under stirring at constant temperature (80°C) under nitrogen for 30 min. Polymerization
was completed in an oven for 24 h at 80°C. For comparison, neat poly(divinylbenzene-co-vinylbenzyl chloride)
was prepared similarly (HPC in the following).

The obtained nanocomposite and polymer precursors were repeatedly washed with methanol, acetone and
diethyl ether, and then dried in a vacuum oven at 40 °C for 24 h (Castaldo et al., 2017c). For the synthesis of
the hyper-cross-linked systems, the precursors were swollen in 1,2-dichloroethane for 2 h, then the systems
were cooled to 0 °C by means of an ice/water bath. FeClz was added, and stirring was continued for 2 h. After
that, the reaction flask was heated to 80 °C and kept at this temperature for 18 h. The obtained hyper-cross-
linked resin and nanocomposite were washed with methanol and dried in a vacuum oven at 40 °C.

2.3 Characterization methods

Bright field transmission electron microscopy (TEM) analysis was performed on the precursor nanocomposites
by means of FEI Tecnai G12 Spirit Twin (LaBs source). TEM images were acquired through FEI Eagle 4k
CCD camera. Specific surface area (SSA) and porosity of the hyper-cross-linked samples were determined by
nitrogen adsorption measurements at 77 K, using a Micromeritics ASAP 2020 analyzer. Prior to the analysis
all the samples were degassed at 120 °C under vacuum (P < 10-5 mbar); all the adsorption measurements
were performed using high purity gases (>99.999%). Thermogravimetric analysis (TG-DTG) was carried out
by using a SDTQ 600 Analyzer (TA Instruments) with a heating rate of 10 °C/min, from ambient temperature
up to 1000 °C under air flow (Ciambelli et al., 2004).

Electrochemical tests to evaluate capacitance performances of the synthesized samples, in particular cyclic
voltammetry (CV) tests, were carried out by means of an Autolab PGSTAT302N potentiostat. In detail, cyclic
voltammetry measurements were run at different scan rates (10, 20, 50,100 and 150 mV/s) in the potential
range 0.4 + 0.8 V and in a 0.5 M H2SO4 electrolyte solution. Starting from the CV, the Eq(1) was used in order
to evaluate the specific capacitance of the samples:



123

c _Ji-av
ST AV-v (1)

AV is the potential range chosen, | is the current density, V is the potential, v is the CV scan rate.

Before performing the tests, 4 mg of synthesized material were dispersed into 80 pl of a 5 wt% Nafion
solution, 200 pl of ethanol and 800 pL of water. The resulting mixture consists of a homogeneous suspension
which, after being sonicated for 30 mins and then air-dried, was partially deposited dropwise onto a DRP-110
Screen Printed Electrode (SPE). SPE consists of a carbon working electrode, a platinum counter electrode
and a silver reference electrode and were preferred over commonly used carbon electrodes thanks to their
good characteristics (Rowley-Neale et al., 2015; Sarno et al., 2018b; Sarno et al., in press).

3. Results and discussion

Dispersion TEM micrograph of the GNP10-HPC precursor is reported in Figure 1. After the one-step synthesis
approach, which allows to “freeze” the mixture during hyper-cross-linking process, graphite nanoplatelets
results well dispersed in the polymer matrix. The lateral size of GNP is within the range 400 nm — 3.0 um.
Moreover, as shown in Fig. 1, GNP are well exfoliated within the DVB-VBC precursor.

Figure 1: TEM image of GNP10-HPC

By including GNP into the polymer matrix, a small reduction of the SSA and porosity of the system was
registered, with no significant modifications of the pore size distributions. In particular, HPC resin, GNP7.5-
HPC and GNP10-HPC nanocomposites showed BET specific surface areas (SSA) of ~1900 m?/g, ~1740 m%/g
and ~1790 m2/g, respectively. TG-DTG profiles obtained under air flow are shown in Figure 2 for HPC and
GNP loaded HPC. The TG-DTG profiles of HPC clearly exhibit a main weight loss in the range 290-540 °C. At
this temperature the HCL resin is completely degraded, while GNP7.5-HPC and GNP10-HPC present a
residual weight of about 9 % and 12 %, respectively (Ferrara et al., 2007). This residual weight, slightly higher
than the nominal GNP content, can be ascribed to a slightly retarded degradation of the polymeric phase in
the nanocomposites, due to the presence of the carbonaceous filler. CV curves of HPC resin, GNP7.5-HPC
and GNP10-HPC prepared samples at different scan rates (10, 20, 50, 100 and 150 mV/s) were reported in
Figure 3. As can be seen from the figure, HPC neat resin displays narrow curves. On the other hand, the
nanocomposite materials show quasi-rectangular current-voltage response curves. No detectable redox
peaks can be found in the chosen potential window, which indicates a nearly ideal capacitive behavior of the
GNP7.5-HPC and GNP10-HPC electrodes (Wang et al., 2015; Du et al., 2009; Xia et al., 2009; Yoo et al.,
2011; Zhu et al., 2010; Sarno et al., 2016¢; Karandikar et al., 2012; Nishihara et al., 2012; Sarno et al.,
2016d; Liu et al., 2010). Capacitances of 52.1 F/g and 60.4 F/g were obtained for GNP7.5-HPC and GNP10-
HPC, respectively. Moreover, long-term cycling tests were carried out in 0.5 M H>SO4 over 10000 cycles at
150 mV/s, proving that 97 % of the initial capacitance was retained (Figure 4). The obtained encouraging
results suggest the possibility to achieve even higher capacitances further by adding supercapacitive
materials with redox properties. The loading of larger amounts of GNP will be subject of a future dedicated
work.
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Figure 2: TG/DTG curves of HPC, GNP7.5-HPC and GNP10-HPC
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Figure 3: Cyclic voltammograms of HPC (a), GNP7.5-HPC (b) and GNP10-HPC (c) measured at different
scan rates in a 0.5 M H,SO4



125

10045 = : ' ; i
]
90 r
85 | i
80 ] i
75 -
70 -

65 - +

Capacitance retention (%)

60 T T T T
0.0 2.0k 4.0k 6.0k 8.0k 10.0k

Cycle number

Figure 4: Capacitance retention as a function of cycle number for GNP10-HPC

4. Conclusions

In summary, a simple, and efficient modified Davankov procedure was adopted in order to synthesize hyper-
cross-linked styrene-based resins filled with graphite nanoplatelets at 7.5 wt% and 10 wt% of GNP. TEM and
TG-DTG analyses confirmed the formation of the aforementioned nanocomposite structure, which preserved
the high surface area of the neat HCL resin without significant reduction of the hyper-cross-linked resin
volume. Cyclic voltammograms, run at different scan rates in a 0.5 M H2SO4 solution, revealed that both
nanocomposites exhibit quasi-rectangular current-voltage response curves without any detectable redox
peaks in the analyzed potential window, which suggests a nearly ideal capacitive behavior. The HCLs meso-
and microprous structure favors accessibility and wettability of the electrode active sites for ion adsorption
throughout the electrolyte induced swelling. Moreover, the synthesized nanocomposites exhibited a very high
capacitance retention, showing a high stability as well as excellent capacitive performance as robust EDLC
electrode materials.
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