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INTRODUCTION

Compared to traditional batteries used for energy storage appli-
cations, the so-called supercapacitors and ultracapacitors present
superior properties in terms of power density, charge—discharge
rates, and stability (long life-cycle performances)'™ and have
attracted attention in this field, especially for electrochemical
energy storage devices. They are potential candidates to comple-
ment or eventually replace common batteries used in energy
storage applications, such as for portable and wearable elec-
tronic devices and for electric and hybrid vehicles.* The super-
capacitors are classified according to their energy storage
mechamism into two main categories: (1) electric double-layer
capacitors (EDLCs) and (2) pseudocapacitors.5 In EDLCs, the
capacitance originates from the accumulation of charges at the
electrode—electrolyte interfaces. Therefore, controlling the spe-
cific surface area and pore size and enhancing electrical conduc-
tivity are the effective ways to achieve a high storage capacity.®
The second category is related to the energy storage of pseudo-
capacitance, where the storage mechanism occurs by transfer-
ring the faradic charges between electrolyte and electrode by

reversible multielectron redox faradic reactions, producing
higher specific capacitance and energy density than EDLCs.””
However, the poor electrical conductivity observed in pseudoca-
pacitive electrodes can restrict the faradic reactions, therefore
leading to unsatisfactory electrochemical performance and life
cycles. To overcome this, several combinations of materials have
been investigated to take advantage of their individual intrinsic
properties; among these, the combination of metal oxide and
graphene to improve electrochemical performance has been
widely investigated.'®'" Instead, here the fabrication of an elec-
trode based on a nonconductive polymer such as poly(methyl
methacrylate) (PMMA; providing a large surface area) is investi-
gated by studying how the electrical conductivity conferred by
the conductive nanocomposites (graphene and metahybrid)
and their
performance.

inclusion act on the electrode electrochemical

Three types of materials can be distinguished that are used in
the fabrication of supercapacitor electrodes: carbon-based mate-
rials,’>™17 transition metal oxides,'®*?” and conductive poly-
mers.”*° Carbon-based materials are most frequently used for
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Figure 1. (A) Illustration of the RGO/PMMA synthesis process; (B) SEM image of 2% RGO/PMMA. [Color figure can be viewed at wileyonlinelibrary.com]

electric double-layer capacitors, wherein the charge storage pro-
cess is nonfaradic and the storage of energy is electrostatic. In
particular, graphene-based materials are promising for energy
storage applications because of their unique intrinsic properties:
a highly tunable surface area, excellent electrical conductivity,
high chemical stability, and superior mechanical behavior. Con-
ductive polymers such as polyaniline (PANI), on the other
hand, are shown to have more pseudocapacitor behavior like
metal oxides.®

The rise of universal, wearable, portable, and flexible electronics
comes with innovative demands for novel energy storage solu-
tions. Due to the inherently flexible polymeric nature of con-
ductive polymers, they have drawn a great deal of interest for
flexible supercapacitor applications.”’ Many material combina-
tions, and on different length scales (0D, 1D, 2D, and 3D struc-
tures), have been the subject of study. The focus of this work is
on graphene nanocomposites immersed in a nonconductive
polymer matrix such as PMMA. Here, the nanocomposites used
are reduced graphene oxide (RGO) and (3-Aminopropyl)
triethoxysilane (APTES)-functionalized reduced graphene oxide
(G) composites. As these nanocomposites are capable of confer-
ring electrical conductivity to the matrix, we explore the effect
of different percentage additions of nanocomposite and analyze

their electrochemical behavior in different aqueous electrolytes:
KCl, NaCl, NaOH, and H,SO,. A faradic current is observed
under slow scan rates for RGO with NaOH and KCI electrolytes,
indicating significant electron charge transfer occurs in these
electrolytes. In addition, for functionalized RGO in KCI, an
electrochemical double-layer capacitance is observed. This facile
change from faradic to EDLC behavior upon nanocomposite
functionalization, together with their low cost and beneficial
mechanical properties (from the intrinsic flexible polymer
nature), is extremely appealing for hybrid supercapacitor ensem-
bles. Therefore, proposed electrodes are explored for their use
as supercapacitors, and as such, an optimum nanocomposite
filling percentage is found for which the highest faradic peak is
measured and in which the highest energy is stored. The capaci-
tance values obtained are compared to similar materials show-
ing a good overall energy storage performance. For this
comparison, similar systems were taken into consideration, that
is, conductive materials in a nonconductive matrix.

All materials were prepared by wet chemical methods and char-
acterized by means of scanning electron microscopy (SEM), dif-
ferential scanning calorimetry (DSC), Fourier transform
infrared (FTIR), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS).
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Figure 2. FTIR spectra of PMMA and 2 wt % RGO/PMMA and 2 wt %
RGO/PMMA composites. [Color figure can be viewed at wileyonlineli-
brary.com]

EXPERIMENTAL

Preparation of Reduced Graphene Oxide

The synthesis of the RGO suspension was realized according to
the work presented by Park et al’® For this, graphene oxide
(60 mg) was mixed with 20 mL of distilled water and sonicated
in an ultrasound bath (250 W) for 2h to obtain a homogenous
GO suspension. For the final reduction, 180 mL of N,N-dime-
thylformamide (DMF) and 5 pL of hydrazine monohydrate per
12mg of GO were added to the GO suspension and heated to
80°C for a period of 2h, yielding a black suspension that was
thereafter sonicated for 5min. Several RGO suspensions with
different reduction states were prepared. This was done by
changing the volume of the reductant (hydrazine monohydrate).
The RGO suspension was filtered and washed with ethanol
(three times) to obtain a solid RGO.

Preparation of RGO/PMMA Nanocomposites

The RGO/PMMA nanocomposites were prepared by a solution
intercalation method [a schematic is presented in Figure 1(A)]. A
PMMA solution was prepared by dissolving PMMA powder in
tetrahydrofuran (THF). The solid RGO solution was dissolved in
THF at appropriate concentrations. Separately, both the RGO
solution and PMMA solution were sonicated for 1h. Afterward,
the RGO solution was added into the PMMA solution, and the
mixture was stirred for 1 h. A well-dispersed RGO/PMMA com-
posite solution was then obtained. The final solution was poured
under vigorous stirring into a beaker or jar filled with methanol.
The precipitate was filtered and then washed with ethanol three
times. The solid was dried in a vacuum for 12 h.*?

Electrode Preparation and Measurements

For the nanocomposite electrode, a 1 mg/mL solution of nano-
composite in ethanol was prepared, and of this 10 pl was drop-
cast on the carbon working electrode (0.1256 cm?) of a three-
electrode screen-printed electrode (SPE; Orion High Technolo-
gies, Parla, Madrid, Spain, product OHT-000) and left to dry. All
electrochemical (except the galvanostatic charge—discharge)

measurements were done with a potentstioat (Autolab PGSTAT
302N, Metrohm Autolab, Utrecht, The Netherlands.).

Galvanostatic Charge-Discharge Characterization

To study the galvanostatic charge—discharge cycles, a Keithley
SourceMeter (model 2440, Cleveland, OH) was connected to
the SPE, applying a fixed current of 5pA, and simultaneously
the potential was read out. LabVIEW (Laboratory Virtual
Instrument Engineering Workbench), a software from National
Instruments (Austin, TX) was set up to program the cycles. The
potential limits were taken from the CV measurements in which
the value for the reference potential was taken into account.

RESULTS AND DISCUSSION

Morphological and Structural Characterization

For the SEM images, a JEOL 7600 SEM (Tokyo, Japan) was used.
The images were taken at 5kV and magnifications of 500X and
4000X. The SEM images of 2% RGO/PMMA under both magnifi-
cations are shown in Figure 1(B). The film presents a large surface
area, as expected for PMMA. Due to its low conductivity, a thin
layer of gold was sputtered on top to enhance the contrast image.

Figure 2 shows the FTIR spectra of PMMA and the 2 wt % RGO/
PMMA and 2 wt % G/PMMA composites. FT-IR spectra were
acquired with a Nicolet Nexus 670/870 spectrometer (Thermo Fisher
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Figure 3. DSC thermograms of bare PMMA and PMMA with 2 wt % G or 2
wt % RGO recorded after second heating, at a heating rate of 10°C/min in
nitrogen atmosphere. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Different percentages of RGO nanocomposites in 1 M KCL
[Color figure can be viewed at wileyonlinelibrary.com|]

Scientific, Waltham, Massachusetts USA). For the bare PMMA, the
spectrum showed characteristic bands at 2998, 1728, and
1143 cm™", which correspond to the aliphatic C—H, C=0, and
C—O—C groups, respectively. In contrast, the FTIR spectra from
Figure 2 show that the inclusion of nanocomposite (2 wt % RGO
and G) leads to representative peaks at 3442, 1719, and 1629 cm”
which correspond to the O—H, C=0, and C=C groups, respec-
tively. (The peak at 2922 cm ™" corresponds to the C—H groups. The
bands between 1270 cm ™' and 990 cm ™! originate from the C—O

group.) This proves the presence of RGO and G in the PMMA.

In Figure 3 the DSC curves for bare PMMA and PMMA with 2
wt % G and 2 wt % RGO are presented. The glass-transition
temperatures for PMMA and PMMA with 2 wt % G and 2 wt
% RGO were determined to be 115, 135, and 140°C, respec-
tively. These values are in agreement with that obtained in a
previous experimental study.”*

Electrochemical Characterization

Cyclic Voltammetry. To observe which electrochemical behavior
dominates (i.e., which current dominates: faradic or capacitive),
the electrodes were analyzed by cyclic voltammetry. The CV
curve is shown in Figure 4 for a fixed scan rate of 150 mV/s
and in a 1 M KCl electrolyte for the case of RGO at different
concentrations. It shows a clear optimum value (2%) at which
both the redox-related cathodic and anodic peak currents are
maximized. Even more, at higher concentrations it is constant.
Therefore we consider the 2% nanocomposite filling as opti-
mum; it presents a well-defined redox reaction (faradic peaks),
suggesting a pseudocapacitance behavior.

Faradic peaks are an indication that electron transfers are occur-
ring at the interface, though it generally depends on the electrolyte
used. For this reason, different electrolytes were studied for the 2%
RGO nanocomposite, and the results are shown in Figure 5. In
comparison to 1 M KCl electrolyte, the RGO nanocomposite/
PMMA electrode (CV curves with different scan rates are pre-
sented in Figure S1 in the Supporting Information) did not show a
faradic reaction in the 0.1 M KCl nor in the 0.1 M H,SO,; although
a small reduction peak appears, it disappears at higher scan rates

(Figure S2). However, for NaOH, clear oxidation and reduction
current peaks are observed, indicating that faradic currents are pre-
sent. In addition, the results for 2% G are shown. In contrast to the
RGO in the 0.1 M KCl electrolyte, the CV curve is more square, as
would be expected for an EDLC, and also the overall current
increases compared to the RGO case, which leads to a higher
capacitance (2.23 F/g). For 0.1 M H,SO,, the CV curve shows nei-
ther an evident faradic current peak nor a square-like shape, and in
0.1 M NaOH only small prominent faradic peaks appear.

These observations indicate that G exhibits EDLC behavior in
KCI electrolyte and RGO pseudocapacitance at 1 M KCl but not
at 0.1 M, indicating that for this concentration the number of
ions transferring charge to the electrode is too small to be mea-
surable. Nevertheless, for the 0.1 M NaOH concentration, pseu-
docapacitance is clearly present, indicating that the related ion
transfer is more effective. This fact might be related to a faster
adherence of the ions to the electrode surface. In order to see if
the cation Na™ or the anion OH ™ is responsible for the observed
feature, the RGO/PMMA electrode was tested in 0.1 M NaCl elec-
trolyte (see the Supporting Information), for which no faradic
peaks were present, thus strongly suggesting that the OH~ anions
are responsible for the observed pseudocapacitance.

As seen in the SEM images (Figure 1), the RGO/PMMA electrode
film is not smooth, and therefore the accessibility of the ions toward
the electroactive spots at the electrode surface (mainly by mass trans-
port) will be dictated by the scan rate at which the CV measurements
are performed, and hence the capacitance will change accordingly.
The area of the CV curve represents the charge, being therefore pro-
portional to the capacitance. Therefore, a variation in area of the CV
curve is expected to be observed when the capacitance changes.
Indeed, as can be seen from Figure 6, in which the CV curves at dif-
ferent scan rates for both 2% G and 2% RGO are shown, a more
square-like shape (increasing area) for the case of G upon an increase
in scan rate is seen, and an increase of the faradic current peaks
(increasing area) for the case of RGO is observed.

The capacitance C is determined from the CV curves at differ-
ent scan rates according to eq. (1)*> and is presented in Table 1
together with capacitance values of similar systems (conductive
elements in a nonconductive matrix) obtained in other works:
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Figure 5. Different electrolytes KCl, H,SO,, and NaOH for both 2% RGO
(top) and 2% G (bottom) nanocomposites. [Color figure can be viewed

at wileyonlinelibrary.com]
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rising capacitive impedance response is observed in the low-
frequency region together with high-frequency semicircular fea-
tures related to the bulk and interfacial properties. The increased

Table 1. Comparison of Specific Capacitance of PMMA Composite Electrodes to Other Electrodes

Specific capacitance

Material Electrolyte (SC) (F/g) Reference
Fes04 electrode 1.0 M KOH 3 36
Perovskite SrRuO3 6 M KOH 8 37
RuO» 6 M KOH 20 37
Lap.2Sro.sRuOs 6 M KOH 21 38
Sb-doped SnO, nanocrystallite thin film 1 M KOH 16 38
Indium oxide (Ino0z) nanospheres 1 M NaxS04 7.6 39
Carbon fibers (CF) 3 M KClI 0.06 40
Activated carbon fiber (ACF) 3 MKCI 2.63 40
Industrially activated carbon fiber (IACF) 3 M KClI 0.1 40
CF/PAN PC/EC+0.1 M LiTFSI 0.003 40
ACF/PAN PC/EC+0.1 M LIiTFSI 0.055 40
IACF/PAN PC/EC+0.1 M LiTFSI 0.026 40
CF/PEGDGE? 0.1 M LiTFSI 0.0045 40
ACF/PEGDGE 0.1 M LiTFSI 0.0014 40
CF/PEGDGE 0.1 M LITESI + IL 0.0111 40
ACF/PEGDGE 0.1 M LITFSI+ IL 0.0522 40
CFs by chemical activation with KOH 3 M KCI 3.27 41
CF™* carbon nanotubes 3 M KCL 2.63 42
CF" carbon aerogels 3 M KCL 14 42
CNT fiber lonic liquid electrolyte 20-24 43
Graphene 0.5 N H>S04 14 44
As-received CF 3 M KCI 0.06 (0.01) 45
CAGP-modified (pressing) (CF + 22 wt % CAG) 3 MKCI 14.3(0.2) 45
CAG-modified (infusion) (CF + 15.9 wt % CAQG) 3 M KCI 8.7 (0.3) 45
CAG-modified (infusion scaled up) (CF + 9.5 wt % CAG) 3 M KClI 5.9 (0.4) 45
CNT+PANI 1 M H>S0,4 16 46
2%RGO/PMMA 1 M KCl 24.8 This work
2%RGO/PMMA 1 M NaOH 30.4 This work
2%G/PMMA 1 M KCl 15.08 This work
2%G/PMMA 1 M NaOH 25.6 This work

2Poly(ethylene glycol) diglycidyl ether (PEGDGE)
b Carbon aerogel (CAG)
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Figure 7. Nyquist plot for both 2% RGO (black curve) and 2% G (red curve).
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semicircle observed in G indicates an increase in ionic resistance
for G (red curve) over RGO. The steeper (higher slope) for RGO
indicates a faster redox mechanism compared to that for G.

The corresponding plot of resistance versus nanocomposite
weight percentage is shown in Figure 8. An inflection point
close to 2% is observed for both nanocomposites, which also
corresponds to the optimized weight percentage observed for
the pseudocapacitance in 1 M KCI.

Electron Transport Model. A strong RGO-dependent behavior
from the Nyquist plots is observed; see Figure 8. The addition
of RGO in the composites results in a corresponding reduction
in the size of the impedance planar plots, and it gradually
decreases with increasing RGO concentration up to the incorpo-
ration of 2% RGO and then starts increasing. At low weight
percentages, the average separation distance between RGO
sheets is large. Thus, the electron transport paths are not
formed within the PMMA matrixes. Therefore, the overall elec-
trical conductivity of RGO/PMMA composites takes the values
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Figure 8. Ionic resistance, obtained from their corresponding Nyquist plots,

for both RGO and G depending on the nanocomposite weight percentage.
[Color figure can be viewed at wileyonlinelibrary.com]

of the PMMA matrix. When the weight percentage of nanofil-
lers exceeds the critical weight percentage (percolation thresh-
old), the electrical conductivity of RGO/PMMA composites
increases by several orders of magnitude and, finally, will tend
to be constant (percolation process). A quantum tunneling
mechanism plays a dominant role in electrical transport in gra-
phene-based composites. Simmons*® derived a formula for the
electrical tunneling effect between two electrodes separated by a
thin insulating film (as electrodes we may consider on one side
the electrolyte and at the other the carbon electrode sandwich-
ing the PMMA nanocomposite thin film), and the tunneling-
type contact resistances can be expressed as
oo
- J T(E) M(E)[f(E—eV)—f(E)|dE 2)
0

Here, Planck’s constant is shown by &, e is electron charge, the
symbol M(E) denotes the total number of conduction channels,
T(E) is a transmission probability, and f(E) is the Fermi—Dirac
distribution function. Approximating asymptotically eq. (2) by
means of the Sommerfeld expansion and considering a low bias
voltage V, we find the resistance can be written as follows:

RV 5
I 22 MT

By solving the Schrodinger equation for a polymer potential bar-
rier with the Wentzel-Kramers—Brillouin (WKB) approxima-
tion, it is possible to relate the transmission probability Tof the
electron, which gives the probability of an electron tunneling
through the polymer potential barrier present between graphene
layers, and the minimum distance between two neighboring gra-
phene layers (d) and the height of the barrier (Per)*®*:

2nd
T=€Xp(_T\/ Sme(peff) (4)

where

oamo(5g) et~ ] @
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46
Sz_d[l_ 30,K d+2o—2v1<d} @

and m, is the electron mass. By combining eqs. (3) and (4), we
may determine the shortest distance between two graphene layers:

d‘*l E MR (8)
B 2TE\/8me(peff n h

The present model can describe the effect observed in Figure 8,
where it is shown that as the nanofiller content increases, the
resistance of the composite decreases. More specifically, this can
be explained by eq. (8), which shows that as the minimum dis-
tance between graphene layers decreases, it becomes easier to
construct a conductivity network [as the distance d is propor-
tional to In(MR)].

Stability. In 1 M KCl, stable charge—discharge cycles at constant
current (5pA) were obtained and remained stable even over 900
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Figure 9. Last 300 and last 10 charge—discharge cycles at a constant current of
5 WA just after 900 cycles. [Color figure can be viewed at wileyonlinelibrary.com]

cycles. As an example, Figure 9 shows the last 300 and the last
10 cycles for the 2% RGO/PMMA supercapacitor. The tests
were carried out using a Keithley 2440 SourceMeter. The result-
ing capacitances calculated from these cycles are in accordance
with the values obtained by the CV measurements. The capaci-
tance can be calculated by the following equation:

c= Tgis X Atgi

AVdis (9)

where Iy corresponds to the discharge current, Aty is the dis-
charge time, and AVy is the maximum potential reached
minus the ohmic drop.

CONCLUSIONS

An optimized filler weight percentage of 2% was observed for
which pseudocapacitance was obtained for RGO in a 1 M KCI
electrolyte and around which the inflection point of ionic resis-
tance versus filler weight percentage was observed. Instead of
pseudocapacitance, electrostatic electron transport (EDLC) is
observed for functionalized RGO (G) in 0.1 M NaOH. The
inclusion of RGO in the PMMA is equivalent, in an electro-
chemical manner, to a common conductive polymer such as
PAN. A simple electron transport model is presented that
explains the observed electronic measurements. In addition, we
have determined that the RGO/PMMA conductive polymer has
higher affinity toward OH™ (r= 133 pm) anions than the other
anions studied, both CI™ (r=167pm) and SO, (r=258pm),
being thus related to an increased transport due to the smaller
anion size. In this sense, the observed pseudocapacitance is no
surprise as conductive polymers such as PANI show similar
behavior. On the other hand, the observed EDLC for G must be
directly related to the APTES functionalization, which changes
the electrode surface functional groups, facilitating the electro-
chemical double-layer formation, and therefore the electrostatic
charge transfer dominates over the observed redox reaction of
the nonfunctionalized RGO nanocomposite. For the latter, sta-
ble (over 900 cycles) charge—discharge cycles have been
observed, confirming their promising performance.

These results show that a low-cost nanocomposite PMMA
supercapacitor can be easily fabricated, which opens the possi-
bility to fabricate a hybrid supercapacitor combining electrodes
based on RGO and functionalized G. In addition, these materi-
als would be excellent candidates to be analyzed with a solid
PMMA electrolyte to have an all-polymer supercapacitor, which
in principle would allow a higher power as P=1IV? so the
potential window could be increased even further as compared
to when an aqueous electrolyte is used (as here electrolysis is

the limitation). Also, it would permit fabrication of a highly
flexible supercapacitor.
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